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PREFACE 


The word stoichiometry is derived from the Greek words “stoicheion”’ 
meaning an element and “metron” meaning measure. Stoichiometry is 
that branch of chemistry which deals with the combining proportions of 
the elements or compounds involved in chemical reactions. The basic 
principle of stoichiometry is the law of definite and multiple proportions. 
It states that a pure chemical substance always contains its elements in 
the same proportions by weight and that, when two elements unite to 
form a series of compounds, the weights of one element combining with 
a fixed weight of the other are simple integral multiples of each other.° 

The law was vaguely expounded by Jeremias Benjamin Richter in his 
book ‘Anfangsgriinde der Stoichiometrie” in 1793. He had made a 
study of neutralization reactions and had compiled tables showing the 
quantities of different bases which would neutralize 1,000 parts of a given 
acid, and vice versa, and had shown that the numbers involved were 
proportional. Professor F. J. Moore* wrote: “In his book Richter con- 
fused these valuable ideas with fanciful speculations of no importance; 
his language was archaic, and his style such as might have been expected 
from a man who would invent the word stoichiometry.” 

Although the term “stoichiometry”’ originally meant only the applica- 
tion of the law of definite and multiple proportions, its meaning has been 
broadened by common usage. 

A pioneer textbookt in the field contains this statement in the intro- 
duction: “Industrial stoichiometry is the application of the laws of the 
conservation of matter, of the elements and of energy, and of the chemi- 
cal laws of combining weights to the processes and operations of industrial 
chemistry.”’ Note that the definition now permits the inclusion of an 
operation, such as crystallization, in which no chemical reaction occurs 
and in which stoichiometry, in its original sense, plays no part. Further- 
more, the processes and operations of industrial chemistry usually can- 
not be handled solely by the laws of conservation of mass and energy and 


*“A’ History of Chemistry,” 3d ed., p. 109, McGraw-Hill Book Company, Inc., 
New York, 1939. 
+ W. K. Lewis and A. H. Radasch, “Industrial Stoichiometry,’”’ McGraw-Hill 
Book Company, Inc., New York, 1926. 
ix 
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the chemical laws of combining weights. If gaseous materials are 
involved, for example, the relations. between their masses, volumes, 
pressures, and temperatures (gas laws) must be employed. If iu reaction 
can proceed in either direction, the laws of chemical equilibrium must 
be employed. If the rate at which a reaction proceeds is important, the 
laws of kinetics must be employed. We must therefore interpret the 
word “application” in a very broad sense also. It must be interpreted 
as permitting the use of any other physical and chemical laws that must 
be satisfied. This paints a broad picture indeed. One difficulty is that 
the scope of the field could logically be interpreted to include certain 
operations (such as distillation) and certain processes (such as hydro- 
genation) which are normally reserved for courses labeled “‘ Unit Opera- 
tions” and “Unit Processes.”” Unit operations and unit processes are 
logical extensions of the course in “industrial stoichiometry” or “indus- 
trial chemical calculations’’ (but their complexity warrants separate 
study); therefore no name can be proposed to substitute for ‘industrial 
stoichiometry” which is not subject to the above interpretation. 

Now let us make our own position clear. We want to include in this 
text a certain amount of material on unit operations in order to give the 
embryo chemical engineer a feeling for the nature of his future work. In 
particular, we want to include mass and energy balances for some typical 
chemical-engineering equipment. We have chosen the title “Stoichiome- 
try for Chemical Engineers”’ because it appears to us to defer to tradition 
while yet permitting the inclusion of the material on unit operations. 

A course of this sort affords an excellent test of engineering aptitude 
and should be given in the sophomore year so that a student may change 
curricula if he finds that his aptitude does not equal his interest. It 
also affords an opportunity for the development of neat and logical work 
habits. These are particularly important in lengthy calculations, where 
a certain amount of bookkeeping skill is required. The mathematical 
and chemical principles involved form part of the foundation of the 
student’s scientific knowledge. It is true that they may rightly be called 
“fundamental,” but “fundamental” does not mean simple; it means 
basic. The principles may or may not be easy to comprehend. Compre- 
hension of them can be facilitated by good teaching but will be ephemeral 
at best unless the student applies them in numerous problems. They 
are not to be memorized; they are to be learned. 

Our objectives in writing this book are as follows: 

1. To stress the use of fundamental principles, rather than reliance 
on memorized short cuts. 

This objective is sometimes ignored in texts which are concerned with 
a relatively narrow field. For example, a book about combustion in 
furnaces, intended for people employed in the field, may well include 
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many clever short-cut methods of problem solution. These methods are 
unsuitable for undergraduates because they encourage memorization 
without comprehension. 

2. To inculcate neat and logical habits of problem attack and problem- 
solution presentation. 

This objective is an essential one in a calculations course. It is 
particularly important in this course because of the length and complexity 
of the problems. 

3. To present a brief preview of chemical-engineering unit operations. 

This objective is an integrating one. We believe that a sophomore 
should be earnestly inquiring into the scope and nature of his major 
discipline. We also believe that a preliminary course is appreciated 
best when its connection to that major discipline is illustrated. We feel 
that chemical-engineering students will be stimulated by this preview 
of their chosen field and that chemistry students, who may be concerned 
with obtaining the data with which chemical engineers work, will also 
be benefited. 

The text is built around carefully chosen problems, which illustrate 
not only the principles of stoichiometry but also the particular calculation 
habits in which we are interested. Many practice problems are provided 
at the end of each section. A certain number of these have detailed 
solutions indicated in Appendix V, so that a student may check the form, 
as well as the substance, of his work. 

This is a beginner’s text. We have used relatively simple calculation 
methods so that emphasis will be upon the whole solution process rather 
than upon any one part of it. This is because we believe that the student 
must first learn to analyze a problem and to plan the solution and then 
learn to use refined methods of property prediction and refined mathe- 
matical techniques. After all, no amount of skill in the preparation of 
frosting will help a cook who cannot bake a cake. 


Edwin T. Williams 
R. Curtis Johnson 
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Chapter 1 
MATHEMATICAL PRINCIPLES 


When you were a small child you were introduced to “pure”? numbers 
in the first grade. You came home claiming that one plus one equals 
two and that two plus two equals four. When you were sturdily con- 
vinced of the verity and infallibility of these concepts and began to apply 
them by counting numbers of similar objects, your father swelled with 
pride and concluded that he had a bright little gaffer on his hands. How- 
ever, when you innocently concluded, on the basis of pure-number theory, 
that one man equals one woman, your father realized that his little child 
still had a great deal to learn. This is an indication of a striking differ- 
ence between pure and applied mathematics. In applied mathematics 
a number has a significance related not only to its magnitude but also to 
the quantity and substance to which it refers, 

In this chapter we review the mathematical principles applied in this 
text and define some terms and establish some conventions that we shall 
follow. 


DIMENSIONS, UNITS, LABELS, AND CONVERSION FACTORS 


Physical systems, at rest or in motion, are commonly described by 
means of certain measurements. Primary quantities, such as length, 
mass, and time, are defined and used as the bases of measurement. 
Secondary quantities, such as density and viscosity, are then defined in 
terms of the primary quantities. The primary quantities are called 
dimensions. Units of measurement are defined for the dimensions 
according to the system of measurement. For example, the dimension 
length is expressed in the units feet in the English engineering (E.e.) 
system and in the units centimeters in the centimeter-gram-second (cgs) 
system. ‘Table 1-1 gives the dimensions that we shall employ for our 
calculations and also gives the units in which the dimensions are expressed. 
Table 1-2 gives the dimensions and units of the secondary quantities that 


we shall use. 
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TaBLE 1-1. Primary QUANTITIES 
eae I a 





Primary quantity (dimension) | Symbol | © E.e. units Cgs units 
IY Yo es ERR RO tat Site Re NOR M Pound mass (lbm) Gram mass 
WOLCO ete Se ana IeNe serene s F Pound force* (lb,) Dynet 
Antlers cas ota ite ee ees L Foot Centimeter 
ART cy ae By RR Oe So t) Hour or second Second 
Temperature difference.......... tor) eon he C° or K° 
Heater cs ne ee Se rls efron Q British thermal unit (Btu) | Calorie 





* The force exerted by gravity at sea level on a one-pound mass. 
t The force necessary to give a one-gram mass an acceleration of 1 cm/sec?. 


TABLE 1-2. SECONDARY QUANTITIES 





Quantity Symbol | Dimensions E.e. units Cgs units 
1 ST Agse oR Ge mone ae Dae p M/L* Ib, /ft® g/cm? 
Specinc volumeess.. ee. avis v L?/M ft?/lbm cm3/g 
PIOMULOM ats ee tee Dre F/L? lb, /ft? dynes/cm? 
WGLOCILY eae carci: oo othe u L/6 ft/sec cm/sec 
Acceleration. \t.6. fase eee a L/6? ft/sec? cm/sec? 
Ve MOCIBIE NEMA IRs PR ie ce eae mi M/Le lb», /(ft) (sec) g/(cm) (sec) 
Heat capacity................ c Q/Mt Btu/(lbm)(F°) | cal/(g)(C°) 





Note the use of the symbols F° and C° in the heat-capacity row of 
Table 1-2. We employ this notation to distinguish a quantity which is 
a number of degrees from one which is a temperature. It serves to 
emphasize the fact that some phenomena depend on temperature differ- 
ence, rather than on temperature level. This is not a general convention. 

Following are some examples to illustrate the use of units. 

Example 1-1. Kerosene costs 16¢/gal. How much does a quart of 
kerosene cost? 


Solution 
(Lat) (784) = a9 
16¢ 
or (4 gall) (‘S) 4g 


Example 1-2. Kerosene costs 16¢/gal. Gasoline costs 24¢/gal. 
What is the cost of 10 gal of gasoline? 
Solution 


24¢ 


(10 gal gasoline) ee 
gal gasoline 


) = 240¢ ~ $2.40 


In Example 1-1 it was necessary to employ the same units of measure- 
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ment (called simply “units” in stoichiometry) to obtain a logical answer. 
In Example 1-2 it was necessary, in addition to using units, to use words 
(which we shall call “labels’”) which express the kind of material. 
Failure to use labels might lead to this “solution’’: 


(10 gal) (as 


164) = 160¢ = $1.60 


The units cancel properly but the answer is incorrect because the unit 
“‘gallons”’ refers to different materials in the numerator and denominator. 
Develop the habit of writing units and labels. You will find that 
cancellation of like quantities will lead to a completely expressed answer. 
Example 1-1 could have been solved as follows: 


1 gal\ /16¢ 
aa (EE) (Gat) = 

Note the use of the conversion factor 1 gal/4 qt. Conversion factors 
express the relations between the various units used to indicate a par- 
ticular dimension. Since the numerator and the denominator of the con- 
version factor express equivalent quantities, multiplication by the factor 
does not change the quantity of material but merely the units in which 
that quantity is expressed. 

A table of conversion factors is included in Appendix A. In the table 
we have listed common units and have indicated their equivalent in 
other units. When we give a conversion factor in the text we shall use 
an equivalence sign, i.e., 12in. ~ 1 ft. One should not write 12 in. = 1 ft 
because the equals sign refers specifically to numerical equality. Some- 
times conversion factors are given by a statement such as this: 


in. = (12)(ft) 


This statement is incomplete. It should be 





Pound Mass and Pound Force. Note the use of the terms “pound 
mass” and “pound force” in Tables 1-1 and 1-2. A pound force is, by 
definition, the force exerted on a pound mass by gravity at sea level at 
45° latitude. In spite of the fact that mass and force are different con- 
cepts, it is ordinary engineering practice to refer to either a pound mass 
or a pound force as a pound. For example, density is given as lb/ft* 
and pressure as lb/ft? (refer to the proper notation in Table 1-2). The 
following treatment is intended to explain the relationship between the 
two pound units and also to show why the incorrect habit of using the 
same term for both does not always cause trouble. 
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The fundamental equation of motion is 
Force = a(mass) (acceleration) 


where « is a constant the numerical value of which depends only on the 
units used. The acceleration of gravity at sea level and 45° latitude 
(called “standard” gravity) is 32.17 ft/sec’. Therefore, 


32.17 it) 
sec? 





1 lby = (1 lbp) ( 


The value of a consistent with the use of ‘pound force” as the basic unit 
of force must be 1/32.17, and its units must be (lb,)(sec?)/(lb,,) (ft). 
The value 32.17 (ibm) (ft) /(Ib,) (sec?) is called g.. We may give the same 
information as a conversion factor: 


_ 32.17 (Ib) (ft) 


1 Iby sec? 


Example 1-3. What is the potential energy (in ft-lb;) of a 10-lb mass 
6 ft above a certain datum plane anywhere on earth? The variation in 
gravity over the entire earth’s surface rarely exceeds one-quarter of one 
per cent, so that the acceleration due to gravity, within the limits of 
engineering accuracy, is 32.17 ft/sec? anywhere on earth. 

Solution 


2 
(6 ft) (10 Iby) (227) (ec ben) = 60 (ft) (Iby) 
Most engineers would solve the above problem as follows: 
(6 ft)(10 lb) = 60 (ft) (Ib) 
Some of them would not realize that the two pound units are different 
and that the above solution is true only because the mass is in a gravi- 


tational field that is essentially the same as the “standard” one upon 


which the definition of pound force is based. Another example of the 
same kind is as follows: 


Example 1-4. What is the pressure (in lb;/ft?) exerted at the bottom 
of a 10-ft column of water (at 60°F) anywhere on earth by virtue only 


of the earth’s attraction on the water (not including the pressure caused 
by the earth’s atmosphere)? 


Solution. The density of water at 60°F is 62.4 Ib,,/ft*. 
(10 ft) (= 2) (227) ( (sec?)(Iby) _\ _ 624 Iby 
ft? sec? 32.17 (Ibm) (ft) ft? 
Most engineers would write 


62.41b\ _ 624 1b 
aor ( ft’ )- is 
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and many of them would be unaware of the cancellation of gandg.. If 


the column of water were on a planet with a gravitational acceleration of 
720 ft/sec?, the pressure would be 


(10 ft) ) (@ ) ( __(sec?)(Iby)_\ __ 13,980 Ib, 
ft! sec? /\32.17 (Ibn)(ft)/ st? 








The final example is one in which no fortuitous cancellation can occur 
because the gravitational field has nothing to do with the phenomenon. 

Example 1-5. A moving mass has a certain amount of energy (called 
kinetic energy) because of its motion. At speeds usually encountered in 
engineering work, this energy is given by the following equation: 


KE = lym? 


What is the kinetic energy (in ft-lbs) of a 6-lb mass at the instant when 
it is moving with a velocity of 10 ft/sec? 
Solution 


=a ii 100 ft? (sec?) (Iby) 7 
KE = (3) (6 bm) Ge ) (qassentea = 9.33 (ft) (Iby) 


Note that gravity is not involved. The 32.17 is simply a conversion 
factor which replaces the units (lb,,)(ft)/sec? by the unit Ib,. It is the 
defined constant g.. Engineering texts often express kinetic energy 
as 14mv?/g, to be sure that the conversion factor will appear in the 
calculation. 

Ratios and Fractions. The significance of a given or calculated quan- 
tity in stoichiometry often depends not only upon its magnitude but also 
upon its relative magnitude with respect to other quantities. The rela- 
tive magnitude may be expressed by the use of ratios or fractions. A 
ratio denotes the proportion between one quantity and another. A frac- 
tion is a ratio signifying the proportion of a larger quantity which the 
quantity in question represents. 

Fractions may be expressed in per cent, or parts per hundred. Note 
that fractions (whether expressed as per cent or not) and ratios have 
units and labels. 


CHEMICAL ANALYSES 


Analyses may be given on one of several bases, depending on the state 
of the material being analyzed. Unless otherwise stated, the analysis of 
solids is on a weight basis. A coal containing 65% carbon has 65 lb of 
carbon in every 100 lb of coal. 

A liquid analysis may be stated on either a weight or a mole basis. 
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Usually the compositions of solutions of solids in liquid are reported in 
weight per cent. 

The analyses of gaseous mixtures are reported on a mole or volume 
basis. For perfect-gas mixtures, as explained later, these analyses are 
identical. 

In this book we shall employ the symbols %m, %w, and %v to signify 
percentage by moles, weight, and volume. 

Example 1-6. A salt solution originally 4%w NaCl in water is evapo- 
rated until the concentration is 5%w NaCl. 

a. What percentage of the water in the original solution is evaporated? 

b. What is the percentage reduction in the weight of the original 
solution? 

Solution 

Basis: 100 lb of the 4%w solution. (Note: It is necessary to pick a 
basis for calculation. It is desirable to state what the basis is. The 
choice should not be made arbitrarily but after careful thought, since the 
difficulty of the calculations may depend upon the basis chosen.) 

Evaporation can remove only water, since NaCl is not volatile. 
Therefore all the salt originally present will be present in the final 
solution. 

This fact is the key to the solution of the problem. 

a. Percentage of water evaporated 


(es lb NaCl 


lb orig soln 


) (100 lb orig soln) = (uae 


where X = lb final soln. X = 80 lb. 


100 lb (orig soln) — 80 lb (final soln) = 20 lb HO evap 
20 lb HO evap 0.208 lb HO evap 


96 lb H,O orig present 1b H.O orig present 
(0.208)(100) = 20.8% 


b. Percentage of original solution evaporated 


20 lb H20 evap ~ 
( lb orig wep MLO RSet: 


This problem could also have been solved as follows: 
Basis: 1 lb NaCl 


96 lb H:O  95lbH.0 _ 5lb H.O evap 


0.05 lb Ne) (x) 


4lbNaCl 5lbNaCl 1b NaCl 
Basis: 100 lb 4%w solution, or 4 lb NaCl 
5 lb H.O ev 
(2B FeO evap) (41b NaCl) = 20 lb H.0 evap, ete. 
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The first method of solution shows the use of fractions (with proper 
units and labels). In the second method the solution was accomplished 
by the use of ratios. You see that the relationships between the con- 
stituents of a mixture may be expressed in various ways. For instance, 
knowing that the original solution is 4%w salt in water tells us that there 
are 4 1b NaCl/100 lb soln, 4 1b NaCl/96 lb H:0, 96 lb H.0/100 lb soln, 
100 lb soln/4 lb NaCl, 96 lb H.O/4 Ib NaCl, and 100 lb soln/96 lb H.O. 
The recognition of these relationships is important. Selection of the 
proper one can simplify the solution of a particular problem. 

Example 1-6 might also have been solved as follows: 

Basis: 100 lb original (4%w) solution. Let X = amount of H,0 
evaporated. 

96 — X = lb of H.0 remaining 


_ (0.95 lb H,O 
eee (F; final 4 (Y) eh) 
where Y = lb final soln. 

X + Y= 4100 (1-2) 


Substituting Eq. (1-2) in (1-1), we obtain 
96 — X = (0.95)(100 — X) 


and X = 20 lb H,O evaporated, etc. 

The above calculation is much less straightforward than the previous 
calculations, which took direct cognizance of the fact that the amount 
of salt in solution was unchanged by the process. It is good practice 
to choose a compound or a material which goes through the process 
unchanged and to use it as the “key” to relate the streams of material. 
This is not always possible. We shall reserve a discussion of other possi- 
bilities for Chap. 3. The practice problems at the end of this and the 
next chapter will give you an opportunity to form some opinions on this 
subject for yourself before you read the more detailed discussions in 
Chap. 3. » Remember that the “brute-force”? method illustrated above 
is always possible. . Simply write a multiplicity of independent material 
balances on compounds or elements until you have enough equations to 
solve for all the unknown quantities. - 

Since percentage values are fractions, they cannot be added or sub- 
tracted unless they have a common denominator, or basis. The original 
solution in the example was said to contain 4%w NaCl. The basis for 
this figure is 100 lb of original solution. We may write the fraction 
4 lb NaCl/100 lb orig soln.s An example of a common error is 


96 %w H:;0 in orig soln — 95%w H,0O in final soln = 1%w H:0 evap 


Since this calculation has absolutely no meaning, there is no “reason” 
for the next step in the calculation which is usually to multiply the weight 
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of the original solution by 1% to find the pounds of water evaporated. 
If the percentages are written as fractions with the bases shown, the 
fallacy of the above operation is clear: 


96lbH,0 — 9lbH2:O) _ 
100 lb orig soln ~=——100 lb final soln 


» The basis for a percentage value is not always obvious. For instance, 
the moisture content of many solid materials (coal, paper, plywood, etc.) 
is expressed as a percentage of the dry solid rather than as a percentage 
of the moist solid. Whenever there is a possibility of confusion, the 
basis should be stated. + 
* Example 1-7. Paper is passing continuously through a tunnel drier. 

The entering paper contains 10%w H.O (dry basis, i.e., 10 lb H.O/100 
lb dry paper), and the leaving paper contains 2%w H:O (dry basis). 
How many pounds of water is evaporated per hour if 1000 lb/hr of paper 
enters the drier? 

Solution 

Basis: 1 hr of operation 





(0 lb “entering paper) ( 100 lb dry paper 
hr (100 + 10) lb “entering paper’”’ 


_ 909 lb dry paper entering 
if hr 


(ce lb dry paper) ( 0.11lbH:O — 0.02lbH,0\ _ 72.72 lb H.0 evap 
hr Ib dry paper Ibdry paper) hr 


Example 1-8. Change the moisture contents of Example 1-7 to the 
wet basis and do the problem again. 
Solution 


Ga RE SE 
(100 + 10) Ib “entering paper” ety 
= 9.09%w HO (wet basis) entering 


) (100) = 1.96 %w H.O (wet basis) leaving 





( 2 Ib H.0 
102 lb “leaving paper” 


Basis: 1 hr of operation 


(os lb “entering paper”) ( 9.09 lb HO 
hr 100 lb “entering paper” 


_ 90.9 lb H;0 entering 
hr 
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Therefore, 1000 — 90.9 = ae Paper enkering 


eae lb dry paper ne ( 1.96 lb H.O _ 18.18 1b H,0 leaving 
hr 98.04 lb dry paper] hr 
_ 12.72 lb H20 evap 


90.9 — 18.18 = 


A comparison of this solution with that of Example 1-7 shows why 

analyses are commonly reported on a dry basis in certain industrjal proc- 
« esses. In this text we shall state whenever the analysis of a solid is 
reported on a dry basis. ‘ 

Procedure. Logical procedure and neat presentation facilitate the 
solution of problems in stoichiometry. Logical procedure helps to pre- 
vent the calculation of unnecessary quantities. Neat and complete 
presentation avoids careless errors and makes the solution easier to read 
and understand. Following is a suggested procedure: 

* 1. Read the entire problem carefully. 

2. Draw a diagram, labeling it thoroughly. 

3. Plan the solution. If the problem is long, make a brief outline of 
the steps in the calculation. Be sure to look for “key” materials, and 
be sure to state the basis for each calculation. 

4, Proceed with the solution, writing all chemical equations involved 
and employing units and labels. 

5. Check the answer qualitatively (see Qualitative Considerations). 

Example 1-9. A dehumidifier sprays 50 lb of cold water per minute 
into a stream of air. One hundred pounds of wet air per minute enters 
the dehumidifying chamber. The absolute humidity of the entering air 
is 0.05 lb H.O/lb dry air, and that of the leaving air is 0.01 lb H2O/Ib 
dry air. 

a. What is the total weight of liquid water leaving the dehumidifier 
per minute? 

b. What is the weight of wet air leaving per minute? 


Solution 
Cold water 
50 |!b/min 
Entering air Leaving air 
ht Bee 
plesk Dehumidifier 
0.05 Ib H,0 _ 001 Ib H,0 
Ib dry air Ib dry air 





Exit woter 
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Basis: 1 min. All the constituents of the entering ‘‘wet-air” stream 
are gases. Water vapor is the only gas in the entering stream which 
can be condensed by a cold-water spray. Some of it is condensed and 
leaves as liquid water. The rest of it leaves in the vapor state. (Vapor 
is the term applied to a gas which is easy to condense.) The other con- 
stituents of the ‘“wet-air’ stream, i.e., the “dry air,” remain in the 
gaseous state. This means that the dry air can serve as a key component 
to relate the entering and leaving wet-air streams. 


. . ; 1 lb dry air 
(100 lb entering® wet air) (ea a) 


= 95.2 lb dry air entering (and leaving) 


Since we can calculate the amount of water condensed per pound of 
dry air, we can calculate the total water condensed in 1 min. 
Basis: 1 lb of dry air 


0.05 lb water vapor entering 0.01 1b water vapor leaving 
lb dry air 7 lb dry air 
_ 0.04 lb HO condensed 
7 lb dry air 
Basis: 1 min 


0.04 lb H;O condensed 


lb dry air ) = 3.81 lb H.O condensed 


(95.2 lb dry air) ( 


a. Weight of liquid water leaving 
50 lb liquid H,O entering + 3.81 lb H.O condensed = 53.81 Ib 
b. Weight of wet air leaving 


1.01 lb wet air 


95.2 1 j 
( ease) ( lb dry air 


) = 96.2 lb wet air 
or 
100 lb entering wet air — 3.81 lb H.O condensed = 96.2 Ib leaving wet air 


In drawing a diagram for a problem it is sufficient to use labeled boxes 
to represent pieces of equipment. The actual mechanisms by which the 
reactions or transformations take place are of no importance; we are 
concerned only with the materials which enter and those which leave. 
These entering and leaving streams of material are customarily indicated 
by arrows. 

If the streams are carefully labeled and the conditions (temperature, 
pressure, etc.) noted, the diagram has served to change a word descrip- 
tion of the problem into a pictorial representation. It is easy to refer 
to such a diagram for information. 
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The dry air serves as the “key’’ component. A basis of 1 min is 
chosen because the answers are required on that basis. Note that all 
streams must be related by putting them on the same basis. We could 
not add the sprayed water to the condensed water if they were not 
related by a common basis. 

Qualitative Considerations. Errors in arithmetic or reasoning can 
often be recognized by a qualitative consideration of each quantity calcu- 
lated. In Example 1-9, if the amount of wet air leaving the dehumidifier 
per minute had been calculated as 101 lb, we should have known the 
answer was impossible, since only 100 lb of wet air entered and some of 
the water vapor was removed. 

Ask yourself, about each answer, “Is it larger or smaller, hotter or 
colder, faster or slower?” or some other qualitative question, in order to 
be sure that the answer bears a reasonable relationship to the other 
quantities in the problem. 

Techniques. While many engineers do little with formal mathematics, 
they do perform endless calculations. There is generally a ‘“‘best’’ way 
to solve a problem. We shall frequently illustrate one of these “‘best”’ 
ways. The use of legitimate short cuts, graphical aids, and “educated 
guesses”’ frequently shortens long tedious calculations and turns long 
and dull problems into new and interesting challenges. 

Practically every problem in this text requires that an equation be 
set up to find something, this something being a numerical value of a 
rate, time, volume, composition, pressure, or other physical or chemical 
variable. In most cases more than one question will have to be answered. 
Sometimes the other quantities to be found are merely intermediates 
with no interest except that they must be found to determine the final 
answer. The most common method of expressing a word statement in 
mathematical form is by means of an algebraic equation. When we 
know the value of something, we write down that number; when we do 
not know the value, we choose some letter (usually + as a matter of 
custom). Then z takes on the significance of ““What?” If we have 
two variables, we may label the second one y and think of y as ‘‘ What 
else?” 

Suppose that we analyze an equation 


x + y = 50,000 
This asks, What plus what else equals 50,000? The question is rather 
ridiculous. We could choose any value of x and find a value of y which 
would be satisfactory. 
Suppose that, instead, we write two equations 
x + y = 50,000 
and 0.502 + 0.25y = 15,000 
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We might express this as What plus what else equals 50,000, if one-half 
of the same ‘‘what’’ plus one-fourth of the same ‘‘what else” equals 
15,000? This begins to make sense, and we find that only one set of 
answers applies, that is, c = 10,000 and y = 40,000. Thus we have 
illustrated one very important principle; we must have as many equa- 
tions as unknowns to be able to solve for all the unknowns. 

We see that it is relatively easy to make word statements from equa- 
tions. We merely substitute “What?” for x, “What else?” for y, and 
other different word combinations for any other variables which may be 
present. The engineer, however, must start with a word situation and 
then write the equations. 

Example 1-10. A company receives a shipment of 50,000 lb of two 
chemicals, A and B. The total cost, excluding shipping charges, is 
$15,000. The price of A is 50¢/lb; the price of B is 25¢/lb. How many 
pounds of A and B were shipped? 

Solution. We see that there are two unknowns, the pounds of A and 
the pounds of B. Let x denote the former, y the latter. The total 
shipment equals 50,000 lb, and so we write 


x+y = 50,000 


The total cost of A is (0.50 $/lb)(x Ib), and the total cost of B is 
(0.25 $/lb)(y lb). The sum must equal $15,000, and so we write 


0.50x + 0.25y = 15,000 


Is the problem now any different from the straight mathematical prob- 
lem presented earlier? 

There is one difference which is not apparent from the equations, and 
that is that the values of x and y must both fall between 0 and 50,000. 
Suppose that the problem had been stated as above except that the total 
cost was given as $10,000. The proper equations would be 


x+y = 50,000 
0.50z + 0.25y = 10,000 
The correct solution to these equations is x = —10,000, y = 60,000. 


Because of the added limitation, however, we see that the data must be 
wrong. 

Average and Mean. The words “mean” and “‘average’’ have been 
misused so much that the meaning intended by a particular author may 
not be clear. In this text we are concerned with the arithmetic average 
and the arithmetic mean. They are normally referred to simply as ‘“‘the 
average’ or “the mean.” There are other kinds of averages (and means). 

An arithmetic average is merely the sum of a number of values divided 
by that number. Thus the average grade in a class where the individual 
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grades are 55, 63, 72, 73, 86, and 91 is 44% or 7314. Averages are usually 
taken of ‘discrete’ quantities, such as grades, incomes, etc. 

Example 1-11. The prices of the five best-selling automobiles in a 
certain area are $2470, $2580, $2620, $2900, and $3150. What is the 
average price paid for an automobile in this area? 

Solution. If we average the five values as before, the average price 
appears to be $2744. Suppose that we collect further statistics as follows: 





Now let us take a “weighted average.”” Each price is multiplied by the 
number of that model sold, and the sum divided by the total number 
sold. We then find the average price paid to be 


5,717,970 


3127. $2688.28 


This figure would certainly be more indicative of the cash that the 
average purchaser is willing to spend for an automobile. Note that we 
are still averaging ‘“‘discrete’”’ values but that a little judgment has indi- 
cated that certain figures are “‘worth more”’ than others in the averaging 
process. 

When we consider smooth (or continuous, or nondiscrete) variables, 
the weighted average may be obtained by integration; thus if y is a 
function of z, the mean value of y, 9, is given by 


Wee y le 
p= 
" dx 
Since the definite integral of dr is merely zz — x1, we may write 
(I(t. — 1) = fy dz 


The average obtained by integration is called the integrated average or 
mean. In this case it is an arithmetic mean. If one were dealing with 
a geometric average of discrete variables, a similar average obtained by 
integration for continuous variables would be termed the geometric mean, 
and the same is true for other kinds of averages. 

Graphical and Numerical Methods. Graphical methods for the solu- 
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tion of algebraic systems are of particular interest to engineers, who 
frequently do not need an answer as precise as that obtainable by an 
analytical solution. Even when a precise answer is required, an engineer 
may prefer to do a graphical solution to get an approximate answer 
which he may refine by the numerical methods discussed later. 

Even the solution of a simple, obvious equation has a graphical, or 
geometric, significance. Suppose that we have 


xz + y = 50,000 
and suppose that the value of y is known to be 40,000. We now write 
x + 40,000 = 50,000 


Even though the answer, 10,000, is obvious, let us explore some indirect 
methods of getting the answer which will become important in problems 
where the answer is not so obvious. 


Set x + 40,000 = z = 50,000 
and plot the two equattons (see Fig. 1-1) 

x + 40,000 = z 
and z = 50,000 


The two intersect at the known answer 
of 10,000. While the method is trivial 
here, consider this example: 

Example 1-12. Oxygen has a heat 
capacity C,, in cal/(g mole)(K°*), 
which is a function of absolute tem- 
perature 7’, in °K, represented by the 
equation 


187,800 
T2 


(1-3) 


Cy = 8.27 + 0.0002587 — 








At what temperature is the heat capacity equal to 8.44? 

Solution. For the moment, we need not be concerned with the exact 
meaning of the heat capacity. We may first try an analytical solution. 
When we set C, = 8.44, and multiply the equation by 7?, we find 


0.0002587% — 0.17T? — 187,800 = 0 (1-4) 
Certainly no mathematical solution is immediately apparent. This isa 


cubic equation, and there may be three real roots (or there may be only 
one real root and two imaginary roots). 


Instead of attempting an analytical solution, we may calculate the 
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heat capacities at some selected temperatures and plot them vs. tem- 
perature to find the answer. We first calculate a few values from 
Kq. (1-3). 

500 


1000 1500 


8.57 











7.65 8.34 


This should represent the region of interest, since some of the values are 
below the desired answer and one is above. We proceed to make the 
plot and from this read off a value of 1200 as an approximate answer. 


900 


Cp 800 





00 
500 1000 1500 
IP 


As a check we might now calculate the heat capacity at 1200°. The 
calculation shows 8.45. Taking a slightly lower value of 1180° gives us 
the desired answer. 

Numerical methods, often called ‘trial and error,’ are useful when an 
analytical solution would be difficult. To solve Example 1-12 we could 
have proceeded as follows: 

Rearrange Eq. (1-4). 


ga —0:17_ , _187,800_ 
~ 0.000258 * 0.0002587? (1-5) 
8 
a T = 658.9 + oe 


Assume various values for 7’ to substitute in the 7? term, and calculate 
the T on the left side of the equation. 


Assumed 7' | Calculated 7 | Assumed 7 — Calculated 7 





We may now make one of two types of plot. The first is the calculated 
vs. the assumed value (Fig. 1-2). An answer is obtained when the two 
agree, or cross the diagonal line on the diagram. The second is the 
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difference vs. the assumed value (Fig. 1-3). An answer is obtained when 
the difference is zero. 

One method is fundamentally as good as the other; certain problems 
may dictate one or the other as preferable. 

There is another numerical method, known as iteration, for solving 
problems of this type. It is generally successful, although certain prob- 
lems may “blow up” if bad initial assumptions are made. In this 


1800 800 
1600 400 
2 
1400 8 
calc 7 -) 
1200 oe 
1000 -600 
800 -1000 
800 1000 1200 1400 1600 800 1000 1200 1400 1600 
Toss Toss 
Fic. 1-2. Comparison of assumed and Fa. 1-3. Difference between assumed and 
calculated values. calculated values vs. assumed values. 


method we select an initial value to‘try. This value is substituted for 
the unknown in all parts of the equation except for one term. The 
value is then calculated and used as the next trial value. The procedure 
continues until satisfactory agreement between assumed and calculated 
values is obtained. 

In this problem we will substitute trial values in the T? term of Eq. 
(1-5), calculate 7’, and use this value as the next trial. The results of 
the calculation are shown in the table on page 17. 

You can see that the values have been slowly converging on the known 
answer of 1180°. However, in this case (and this is the unpredictable 
part of iterative calculations) the convergence is very slow. Some 
method might be found to speed up the process. Suppose we start over, 


and use the average of the assumed and calculated temperatures for the 
next trial. 













Assumed T Calculated T 








1 800 1797 

2 1298.5 1090.4 
3 1194.5 1168.8 
4 1181.7 1179.9 
5 1180.8 1180.7 
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In this case, the answer was obtained in only five trials. By using a 
bit of common sense, based on observation of performance of the num- 
bers calculated, we found a much better method of calculation. 





Trial} Assumed 7 Calculated T 





1 800 1797 
2 1797 884.2 
3 884.2 1589.5 
4 1589.5 946.9 
5 946.9 1470.3 
6 1470.3 995.4 
7 995.4 1393.2 
8 1393.2 1033 .7 
9 1033 .7 1339.8 
10 1339.8 1064.2 
11 1064.2 1301.3 
12 1301.3 1088.5 
13 1088.5 1272.9 
14 1272.9 1107.9 
15 1107.9 1251.6 
16 1251.6 1123.3 
17 1123.3 1235.5 
18 1235.5 1135.5 
19 1135.5 1223.1 
20 1223.1 1145.2 
21 1145.2 1213.8 
22 1213.8 


In performing iterative calculations, it is a good idea to make a 
“running plot’’ as.the calculation proceeds. Any suitable plot, such as 
calculated vs. assumed value, difference vs. assumed value, or calculated 
value vs. trial number, might be satisfactory. 

As an exercise, demonstrate that the iterative process for calculating 
square roots is valid, using the equation 


where b = number whose square root is desired 
ad, = trial value of square root 
On41 = next trial value 
Try the process for known numbers, such as b = 256, using any positive 
value for do, the first trial value. 
There are graphical and numerical techniques associated with simple 
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calculus as well as with algebra. Suppose that we consider two problems 
which may appear similar at first but which differ fundamentally. 

Example 1-13. Coal is weighed as it enters a furnace. The following 
readings are taken of the weight of each load: 


4 


130 


3 


150 


5 


90 


1 


154 


him em hr sere risers tore teers 


50 























Coal added; lb:--2.-. =. <-: 


What is the total amount of coal added and the average amount used 
per hour? 

Solution. If we exclude the first reading and consider the coal added 
to maintain the furnace after the first hour, we merely add the figures 
(excluding 150) and arrive at 730 lb as the total used over a 6-hr period. 
The average rate of use is 121.7 lb/hr. If we can assume that coal was 
fired exactly 1 hr before the first reading, so that the first value of 150 is 
representative, we might add it in and say that 880 lb was used in 7 hr, 
giving a higher rate of 125.7 lb/hr. Note that, to find the total amount, 
when we are working with discrete readings of amounts added in lump 
sums, we merely added the figures. 

Example 1-14. A chemical is being metered to a process. Readings of 
the rate of addition are taken hourly. The readings are exactly the same 
as in the previous example. What is the total amount of chemical added 
in 6 hr? 

Solution. Here we find that we do not know total amounts added in 
discrete increments. Instead we have merely spot readings of the rates 
as functions of time. If we let W equal the total amount that has been 
added to the process and R be the rate at which addition takes place, 
we find, by definition, that 

area 
dé 
where 6 = time, in this case hr. Thus, to find the total amount added 
to the process, we must perform an integration: 


On 
Wee Wo = Rae 


60 


where 0 represents the start of the process and n the final condition. 

To perform the integration, we look for a convenient explicit expression 
which relates R and 6, that is, which expresses F# in terms of 6. Such 
can be found in some cases by more advanced techniques. However, 
there are three methods not requiring more advanced techniques which 
are extremely useful. Two are numerical methods; the third is graphical. 

The most common numerical method, which can be used when func- 
tions do not vary too erratically, is the trapezoid rule. We give here 
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only the formula and the solution to the problem, expecting you to 
review the rule in your calculus text. 


Wr — Wo = (14)(Ro+ 2Ri+ +++ +2R,.4+ Rn) 46 


where the R’s are the rate readings and Aé the time increment between 
readings. Numerically, 


Wn — Wo = We — Wo = (14)[150 + 2(154) + 2(156) + 2(150) 


+ 2(130) + 2(90) + 50](1) = 780 lb ee 





average 


The next most common numerical method is Simpson’s rule, which 
you should also review. In this case, an odd number of readings must 
be available. Then, 


W, — Wo = 6(Ro + 4Ri + 2R2+4R; +2R,+--- 
oF 2Rn-2 a 4Ry-1 oie R,) A9 


where again A@ is the time increment. Numerically, 


We — Wo = (34)[150 + 4(154) + 2(156) + 4(150) 
+ 2(130) + 4(90) + 50](1) = 782.71b or ate Ib 





The graphical method is called graphical integration. It is based on 
the fact that the integral of R dé may be looked upon as an area, even 
when it has no physical significance as an area. If we plot R vs. 6 and 
count the squares under the curve between the value R = 0 and the 
curve, we then multiply the number of squares by the value of a unit 
square, to obtain the answer. 


Areo = Integral 










SO eich tl 
Age SOBER 
Sask taeee 
Daas eaesSee 
(Soe Se 
ee Pos at a opel a je 
eee Terr) 1 
ete) De A 0 OS 
ietstaetal-ieith rita LiL) \ 
2 OS 
per elf eisiel lapel adel Ld 
Riaeel Lolateicd to ett 
ale byt Anon one anne 
aks Foe 
nite i tt Ld 





Unit } 
square Time, hr 
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hr 
Number of squares = 310 
W = total lb = (310)(2.5) = 775 lb 


129.7 lb 
and Average rate = fal Sas 


Value of unit square = (2) (0.25 hr) = 2.5 lb 


Chemical-plant data do not usually follow smooth curves. Most 
evaluations of equipment performance must be made by just such 
methods as these. 

Note one other point in our calculations. In determining the “aver- 
age’’ rate, we have actually used the theorem of the mean and obtained 
the so-called “integrated average.” 

Beginning students are usually loath to attempt graphical or “trial 
and error” solutions. You might gain a better appreciation of their 
value by attempting an analytical solution of the following problem 
before solving it graphically or by trial and error. 

Tue bottom of a 30-ft ladder is pressed against the bottom of a wall 
which faces east, and the ladder leans against a wall which faces west. 
A 40-ft ladder leans against the wall which faces east, and its bottom is 
at the bottom of the wall which faces west. The ladders cross at a point 
10 ft above the ground. How far apart are the two walls? 


PROBLEMS 


1-1. Using only the factors 1 ft ~ 12 in., 1 in. ~ 2.54 cm, and 1 liter ~ 1000 em, 
find the number of liters in 1 ft?. 

1-2. Using the factors 1 lb ~ 454 g and 1 ton ~ 2000 Ib, calculate the number of 
tons in 1000 kg. 

1-3. Density is always expressed as mass per unit volume. If an organic liquid 
has a density of 0.9 g/cm, and 1 ft® ~ 7.481 gal, how many cubic feet are needed to 
hold 1000 lb of the liquid? How many gallons? 

1-4. Specific gravity is the ratio of the density of a substance to that of a reference 
substance. It is a dimensionless number. Since density changes with temperature, 
the temperatures of both substances must be given. Water at 4°C is often used as a 
reference substance. Its density is 1.0000000 g/cm’, 

The density of benzene at 15°C is 0.7896 g/cm’. What is its specific gravity relative 
to water at 4°C? 

What is the density at 30°C of a liquid whose specific gravity at 30°C relative to 
water at 4°C is 1.2061? State the answer in g/cm? and lb/ft. 

1-5. Convert a velocity of 60 miles/hr to m/sec. 

1-6. Convert an acceleration of 10 ft/sec? to miles/hr?. 

1-7. Convert a rate of flow of 1 liter/hr to gal/min. 

1-8. Convert a mass rate of flow of 10 lb/(ft?)(min) to kg/(m?) (sec). 

1-9. Unless of a special form, all equations must be dimensionally consistent; i.e., 


zach term must have the same dimensions as all other terms. Densities may some- 
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times be expressed as linear functions of temperature, such as 


pP=po+ At 
where p = lb/ft at temperature ¢ 
po = lb/ft? at temperature to 
t = temperature, °F 
What must the units of A be? 
1-10. In fluid flow the Reynolds number is dimensionless. 


Rei Dup 
B 
where D = diameter 
u = velocity 
p = density 


= viscosity 
If D is in feet, u in ft/sec, and p in Ib/ft* (standard English units), what are the units 
of u? 

* 1-11. An operator in a chemical plant has instructions to see that a salt is added 
continuously to a stream of salt-free solvent at such a rate that the resulting mixture 
is 20 %w salt. 

a. If the outlet composition in %w is twice the desired value, what is the ratio of 
the amount of salt the operator added to the amount that he should have added? 

b. If he used twice as much salt as he should, what would the outlet concen- 
tration be? 

1-12. A solution contains 25%w salt in water. 

a. Express the composition as pounds salt/pound water, pounds water/pound salt, 
and %w water. 

b. What is the composition, in %w salt, if 40% of the water originally present is 
evaporated? 

c. What is the composition if an amount of water equal to 40% of the weight of 
the original solution is evaporated? 

d. How much water must be evaporated from 100 lb of the solution if its final 
composition is to be 40%w H.0? 

1-13. It is desired to make up 100 lb of a solution containing 35%w salt. Two 
solutions are available, one containing 10%w salt and the other containing 50 %w salt. 
How many pounds of each solution will be required? 

1-14. Two identical samples of wet coal are given to two analysts. One reports 
this analysis in %w: 75% C, 4% H, 8% O, 2% N, 1% 8, and 10% ash. The other 
dries his sample first and finds that it loses moisture equal to 7% of its weight. He 
then reports an analysis of the dried coal, also on a %w basis. What should his 
analysis be? (Hydrogen and oxygen are combined in water in a weight ratio of 1:8.) 

1-15. A saturated solution of a salt is made by agitating an excess of the salt in 
water and then draining off the solution. When this is done, a certain quantity of 
solution always remains adsorbed on the undissolved salt. If 1 lb of water will dis- 
solve 0.2 lb of a salt and if 0.5 lb of solution will remain adsorbed on 1 lb of undis-—- 


solved salt, 
a. How much solution can be drained off when 1000 lb of water is mixed with 


500 lb of salt? 
b. If the remaining wet salt were thoroughly dried, how much dry salt would be 


obtained? 
1-16. At 0°C a water solution of 23.5 g of common salt in 100 cm? of solution has a 


density of 1.16 g/cm’. 
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a. What is the composition of the solution in %w salt? 

b. How many pounds of salt would be dissolved in 1 ft? of solution? 

1-17. A wet slurry of talc in water contains 75% H:O by weight. Eighty per cent 
of the water is removed by filtration and drying, which reduces the weight of material 
left by 600 lb. 

a. What is the original weight of the slurry? / 

b. What is the water content of the concentrated slurry after filtration and drying? 

1-18. A company uses a certain chemical in 20%w solution in water in one of its 
manufacturing processes. A long-term contract for purchase of large quantities of 
the chemical is made with a supplier. The contract sets a price of $0.50/lb for a 
50%w solution, with provision for price adjustment if the concentration is different. 
A shipment of 10 tons is analyzed and found to be 45%w. Freight and handling 
costs, paid directly to the carrier, amount to $0.10/lb. The supplier submits a bill 
for $9000. Is this bill correct? 

1-19. The vapor evolved when a mixture of liquids is heated is usually of a different 
composition than the original mixture. One hundred kilograms of a mixture con- 
sisting of 60 %w of liquid A and 40 %w of liquid B is heated and some vapor is removed. 
After the process the remaining liquid contains 10% A and the vapor contains 80% A. 

a. What is the sum of the weights of the vapor and the remaining liquid? 

b. What is the sum of the weights of A in the vapor and in the remaining liquid? 

c. What is the sum of the weights of B in the vapor and in the remaining liquid? 

d. What are the weights of the vapor and the remaining liquid? 

e. What percentage of the A originally present is in the vapor? 

1-20. A crude salt, when dissolved in water, yields a brine whose composition is 
20%w NaCl, 0.5% NaBr, 2% MgClo, and 77.5% H:0. Some of the water is evapo- 
rated. At the same time, 50% of the NaCl originally present is crystallized out in 
pure form. The concentrated solution remaining weighs 30% as much as the initial 
brine. When 100 lb of brine is thus treated, 

a, What is the sum of the weights of evaporated water, crystallized NaCl, and 
concentrated solution? 

b. What is the sum of the weights of NaCl in the solution and crystals? 

. What is the weight of the MgCl: in the concentrate? 

. What is the weight of the NaBr in the concentrate? 

- What is the weight of water in the concentrate and evaporated water? 

. What are the weights of NaCl precipitated, water evaporated, and concentrate? 
What percentage of the water originally present is evaporated? 

. If all the water were removed from the concentrate, what would be the compo- 
sition of the remaining mixed salts? 

1-21. A plant for the production of NaOH concentrates a solution of 10 %w NaOH, 
10% NaCl, and 80% H:;0 by evaporation. During evaporation some NaCl crystal- 
lizes out pure. If the final solution contains 50% NaOH and 1 % NaCl, calculate the 
following: 

a. The pounds of water evaporated per ton of initial solution 

b. The pounds of NaCl precipitated per ton of initial solution 

c. The weight of the final solution 

1-22. You have been given the problem of making a liquid mixture consisting of 
1 part A, 1.5 parts B, and 2.5 parts C by weight. The specific gravities of A, B, and 
C are 0.79, 0.98, and 1.16, respectively. Since no weighing equipment is available, 
the mixture must be made by adding measured volumes of the liquids. Calculate 


the volumes of B and C to add to a unit volume of A in order to have the correct 
composition. 


TAQ oe Ao 
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1-28. A company has a contract to buy NaCl of 98% purity (2% insoluble im- 
purity) for $50/ton delivered. Its last shipment of 10 tons was only 90% pure (10% 
insoluble impurity). 

a. How much should it pay for the shipment? 

b. How much of this 90% material should be added to 2000 gal of water to make a 
5%w NaCl solution (1 gal H,O weighs 8.34 lb)? 

1-24. Real gases, which do not obey the perfect-gas law, frequently follow the van 
der Waals equation 


(p+) V-» =Rr 


where p = absolute pressure 
T = absolute temperature 
V = molar volume 
a, b, and R = constants 
The units vary, according to the system used. For water vapor, 


a = (20,600) eae 


b = 0.489 ft3/lb mole 


(Ib /in.?) (ft?) 
and R= (10.73) (ib mole) (R) 


when the units of p are Ib/in.? and the units of Tare °R. Calculate the molar volume 
V of water vapor in ft*/lb mole when p = 1500 and 7 = 1160. Use both graphical 
and numerical methods. 

1-25. Your company purchases a water solution containing three chemicals, A, B, 
and C. A recent shipment of 5 tons contains 6%w A, 13% B,and19%C. The bill 
submitted by the supplier is for $1125.00. This does not include shipping, which is 
a separate item. Your superior feels he is being overcharged and asks you to check. 
In looking over past records, you find this information: 





Shipment | Tons shipped| %A|%B!| %C | Total cost, $ 


10 6 23 589.90 
20 461.60 


1 
2 
3 tf 10 22 654.60 


wn ow 
— 
oO 
_ 
two 


What is your report to your supervisor? 
. 1-26. In a process you are investigating, one of the items of data taken is the rate 
of flow of steam to a heater. The following values are taken over a test period: 




















Timie, Htaieiactss ss 0 1 2 3 4 5 6 
Rate, lb/hr...... 4000 4280 4440 4350 3920 3000 480 





Because of the sudden drop in steam consumption, the process is stopped after 6 hr. 
Calculate the total amount of steam used and the mean value of the rate by 

a. The trapezoid rule 

b. Simpson’s rule 

c. Graphical integration 
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1-27. Demonstrate by a numerical example the validity of the iterative formula 


for cube root: 
1 6 2 
An+1 = 3 Gn? + 2an 


where 6b = number whose cube root is to be found 
a, = previous trial cube root 
Qn41 = next trial 
For example, find the cube root of 27, using do, the first trial value, of 10. 


Chapter 2 


CHEMICAL AND PHYSICAL PRINCIPLES 


An old man who sold ice at a summer resort approached one of his 
customers. ‘‘Ed,” he said, ‘“You’re a college feller. I’d like you to 
help me with some figurin’. I buy ice for 50 cents a block and I sell it 
for 30 cents a block. I want to figure out how much profit I’m makin’.”’ 

“Profit!’? Ed exclaimed. ‘‘You’re losing money! If you buy a block 
for 50 cents and sell it for 30, you’re losing 20 cents a block!”’ 

“But,” the old man protested, “I get four blocks from a block.” 

Ambiguity in scientific writing is usually much less obvious, and there- 
fore much more serious, than it is in the above story. It can be avoided 
only by proper use of properly defined terms. Therefore we have taken 
the liberty of defining the terms which are of importance in this text 
even though many of them should be familiar to you from previous 
courses. Most of the familiar terms are defined in this chapter in which 
we review chemical and physical principles. 


CHEMICAL FORMULAS 


Chemical information is expressed by means of chemical formulas and 
chemical equations. The formulas and equations may be considered 
part of a code designed for cryptic presentation of information. The 
key to the code is the atomic weight table of the elements. The atomic 
weight table does not indicate the weights of the atoms. It indicates 
their relative weights, and, if it were properly named, it would be called 
the “relative atomie weight table.” Oxygen has been chosen as the 
basic element and assigned an “atomic weight” of 16. The fact that 
the atomic weight of carbon is given as 12 means simply that one atom of 
carbon weighs twelve-sixteenths as much as one atom of oxygen. 

In ordinary chemical reactions atoms are indivisible. Therefore the 
chemical compounds formed by ordinary chemical reactions are com- 
posed of molecules which contain whole numbers of atoms of various 
elements. A chemical formula indicates the number of atoms of each 


element in a molecule. With the aid of the atomic weight table it is 
25 
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possible to calculate the percentage by weight of each element in a com- 
pound from the formula of that compound. ‘Try the following problem, 
and then examine the two solutions: 

Example 2-1. Carbon monoxide has the formula CO. The atomic 
weight of carbon is 12.0, and that of oxygen is 16.0. What is the weight 
per cent of carbon in CO? 

Solution 1 

Basis: Enough CO to contain 12 g of carbon. Since the formula shows 
that each atom of carbon is united with one atom of oxygen, an amount 
of CO that contains 12 g of carbon will contain 16 g of oxygen. 


12¢C a 
Therefore, (ee) (100) = 42.8%w 
Solution 2 
Basis: One molecule of CO. Let the weight of one atom of carbon be 
Ag. One atom of oxygen weighs (18{2)(A g). One molecule of CO 
weighs (2842)(A g). The weight per cent of carbon is 


AgC 
Gacec) (100) = 42.87%w 


Solutions 1 and 2 are both correct, but Solution 1 is preferable because 
it establishes a method of attack that is mathematically convenient. It 
simplifies the consideration of weight relationships by employing as a 
basis a weight in grams of carbon numerically equal to its atomic weight. 
Such a weight quantity is called a gram atom and is commonly defined, 
for any element, as “the atomic weight in grams.” Since a gram atom 
of one element contains the same number of atoms as a gram atom of 
any other element, gram atoms are combined in a compound in the same 
simple whole-number proportions in which the atoms are combined in a 
molecule of that compound. 

In Solution 1 it was explained that 12 g of carbon (1 gram atom) 
contains the same number of atoms as does 16 g of oxygen (1 gram atom). 
The chemical formula, CO, told us that one atom of carbon is combined 
with one atom of oxygen. With the aid of the gram-atom concept, the 
chemical formula now tells us that 1 gram atom of carbon is combined 
with 1 gram atom of oxygen, and therefore that 12 g of carbon is com- 
bined with each 16 g of oxygen, without even a momentary concern over 
the weight of one atom of either element. 

This concept of the gram atom makes chemical writing and speech 
both simpler and clearer. They are simpler because simple whole num- 
bers express the proportions between the gram atoms of various elements. 
They are clearer because the chemical formulas can immediately be 
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visualized, once the numbers of gram atoms are known. This is illus- 
trated by the following statements: 

1. In CH, 12 g of carbon is combined with 4 g of hydrogen, and in 
CCl, 12 g of carbon is combined with 142 g of chlorine. 

2. In CH, 1 gram atom of carbon is combined with 4 gram atoms of 
hydrogen, and in CCl, 1 gram atom of carbon is combined with 4 gram 
atoms of chlorine. 


CHEMICAL EQUATIONS 


A chemical equation, as used in stoichiometry, has two main functions. 
The first function is a qualitative one. It is simply to tell what reacts 
and what is produced. The second function is a quantitative one. It is 
to express the composition of, and the quantitative relationships between, 
the materials involved. We have seen how the chemical formulas, which 
tell what reacts and what is produced, also indicate the composition of 
the various compounds. The gram-atom concept, which simplifies the 
calculation of the weights of elemental material in chemical compounds, 
has its analogue in the gram-molecule concept, which simplifies the calcu- 
lation of the weights of chemical compounds involved in a chemica: reac- 
tion. A gram molecule (called a gram mole or gram mol) is commonly 
defined, for any compound, as the “molecular weight in grams.”’ 

Since the molecular weight is calculated from the atomic weights, it 
also is a relative weight. The fact that the molecular weight of carbon 
monoxide is 28 means simply that a molecule of carbon monoxide weighs 
28/. as much as an atom of oxygen. A gram mole of any compound 
contains the same number of molecules as a gram mole of any other 
compound. Note also that the number of molecules in a gram mole is 
the same as the number of atoms ina gram atom. A chemical equation, 
which expresses the relative proportions of the molecules in a chemical 
reaction, also expresses the relative proportions between the gram moles. 
The same simplification and clarification of chemical language follow 
from the use of the gram mole as was the case with the gram atom. 
The following equivalent statements illustrate this: 

1. Forty grams of NaOH reacts with 36 g of HCl to produce 58 g of 
NaCl and 18 g of H,0. 

2. One g mole of NaOH reacts with 1 g mole of HCl to produce 1 g 
mole of NaCl and 1 g mole of H.0. 

Although gram atoms and gram moles have been used exclusively in 
the above illustrations, it should be realized that any unit of mass may 
be employed. For instance, a pound mole of oxygen is 32 lb, an ounce 
mole is 32 oz, a ton mole is 32 tons, etc. It is suggested that you adopt 
the convention (employed throughout the remainder of this book) of 
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writing grammole and poundmole (abbreviated gmole and Ibmole) and 
tonmole in order to emphasize the fact.that these quantities do not have 
the units of grams times “moles,” or pounds times ‘‘moles,”’ or tons 
times “moles” but have only the units of mass. They represent specific 
amounts of grams, pounds, or tons only when they are combined with a 
label indicating a chemical element or compound. 

At this point it is evident that one equation, like one picture, is worth 
a thousand words. But before we carry the analogy too far, let us 
remember that an equation, unlike a picture, must tell the same story to 
different observers. This is possible only if the concepts which have so 
far been discussed are thoroughly understood by each observer. In 
addition, calculations which involve the equations must be expressed in 
such a way that they are readily understandable to others. To this end 
we shall define certain terms which you will find useful when doing 
calculations based on chemical equations. 

The limiting reactant is the one which is present in least stoichiometric 
proportion. 

An excess reactant is any reactant which is present in excess of an 
amount stoichiometrically equivalent to the quantity of the limiting 
reactant. 

The excess (sometimes called the theoretical excess or true excess) amount 
of a reactant is the amount in excess of the quantity stoichiometrically 
equivalent to the quantity of the limiting reactant. 

The theoretically required amount of a reactant is the amount stoichio- 
metrically equivalent to the quantity of the limiting reactant. 

The per cent excess of a reactant is the true excess expressed as a per- 
centage of the theoretically required amount of that reactant. (Note 
that per cent excess is calculated from a knowledge of the chemical equa- 
tion and amounts of reactants supplied only. The actual amount of 
products formed does not affect the calculation.) 

The degree of completion of a reaction is the percentage of the limiting 
reactant which reacts. 

The percentage conversion of any reactant is the percentage of the 
amount originally present which reacts. 

The following example further illustrates these terms. 

Example 2-2. Nitrogen and hydrogen react under certain conditions 
to form ammonia, according to the following equation: 


N2 at 3H. = 2NH3 


The double arrow indicates that this is a reversible reaction. At some 
time after the reactants have been brought together, ammonia will be 
dissociating into nitrogen and hydrogen as fast as nitrogen and hydrogen 
are reacting to form ammonia. At this time no further change in con- 
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centration of any compound can occur, and the system is said to have 
reached “equilibrium.” 

Suppose that 280 lb of nitrogen and 64.5 lb of hydrogen are brought 
together and allowed to react at 515°C and 300 atm pressure, and from 
experimental measurements it is found that there are 38.0 lbmole of 
gases present at equilibrium. 

a. How many poundmoles of nitrogen, hydrogen, and ammonia are 
present at equilibrium? 

b. Which is the limiting reactant, and which is the excess reactant? 

c. How much excess hydrogen is there? 

d. What is the amount of theoretically required hydrogen, and what is 
the per cent excess hydrogen? 

e. What is the degree of completion of the reaction? 

f. What is the percentage conversion of hydrogen to ammonia? 

Solution 
Gases initially present: 


1 lbmole H2\ _ 
apntle t) ee lbmole H, 


1 lbmole N» 
28.0 lb Nz 


(64.5 Ib He) ( 


(280 lb No) ( ) = 10.0 lbmole Ne 


Let x = lbmole N, used in the reaction. 


Then 3x2 = lbmole H, used 

and 2x = lbmole NH; formed 

Therefore 10 — x = Nz left after reaction 

and 32 — 32 = Hz left 

At equilibrium the lbmole of Hz + N» + NH; must equal 38. 
Thus (32 — 32) + (10 — xz) + 2x = 38 % 
and x = 2 lbmole 
Therefore the lbmole of N2. =10—2z=8 


the lbmole of Hz. 32 — 32 = 26 
the Ibmole of NH; = 22 = 4 


b. Which is the limiting reactant, and which is the excess reactant? 

Solution. It takes only 30 lbmole of hydrogen to react with 10 Ibmole 
of nitrogen. Therefore the hydrogen is present in excess, and the 
nitrogen is the limiting reactant. 

c. How much excess hydrogen is there? 

Solution. Thirty poundmoles of hydrogen is equivalent to 10 lbmole 
of nitrogen. Therefore the excess of hydrogen is 2 Ibmole. 

d. What is the theoretically required hydrogen, and what is the per 
cent excess hydrogen? 
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Solution. The theoretically required hydrogen is 30 lbmole. The per 
cent excess of hydrogen is (249)(100) = 6.67%. 

e. What is the degree of completion of the reaction? 

Solution. Since 2 lbmole of nitrogen reacts, the degree of completion is 


(2{0)(100) = 20% 


f. What is the percentage conversion of hydrogen to ammonia? 

Solution. There is 32 lbmole of hydrogen originally present, and 6 
Ibmole react. Therefore (8 2)(100) = 18.75%. 

When a compound reacts to give more than one product, the per- 
centage total conversion (the percentage of the reactant which reacts to 
form all the products) should also be given. . 

The above definitions, together with the stoichiometric principles previ- 
ously discussed, make it possible to recognize, interpret, and record the 
information conveyed by a chemical equation: It is very important to 
realize, however, that the ability of the equation to convey information 
is limited. The important limitations of a chemical equation are as 
follows: 

1. It does not tell whether a reaction will proceed or not. It simply 
indicates the reacting proportions if it does proceed. 

2. It does not indicate the rate of reaction. 

3. It does not indicate the degree of completion of the reaction. 

4. It does not indicate the best conditions for the reaction. 


TEMPERATURE 


Before we proceed with our discussion of physical-chemical principles, 
we must define and discuss the concepts of temperature and pressure. 

The temperature scales commonly employed are the Fahrenheit, the 
centigrade, the Rankine, and the Kelvin. Figure 2-1 represents these 
scales. 

The points designated as A and B are the freezing and boiling points 
of water, respectively. On the Fahrenheit scale, the freezing point is 
32° and the boiling point is 212°. The corresponding values on the 
centigrade scale are 0° and 100°. Since there are 180 Fahrenheit degrees 
re Bes nae covered by 100 centigrade degrees, we may conclude that 

Attempt the following problem, and then examine the various solutions: 

Example 2-3 


a. Convert a temperature of 20°C to the corresponding Fahrenheit 
temperature. 


b. Convert a temperature of 68°F to the corresponding centigrade 
temperature. 
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Solution 1 

a. The temperature of 20°C is 20 C° above the freezing point of 
water. (Note again the difference between °C and C°. 20°C is a 
temperature, but 20 C° is not. It is simply a number of degrees.) 
(20 C°)(1.8 F°/C°) = 36 F° above the freezing point of water. There- 
fore the Fahrenheit temperature is 36 + 32 = 68°F. 


Farenheif Rankine Centigrade Kelvin 
i_——- 212 672 100 373 
a oF a’ °C 
of | o{ 
Aa 32 492° (6) 23 
-40 -40 
-460 0 -273 6) 


Fic. 2-1. Common temperature scales. 


b. The temperature of 68°F is 36 F° above the freezing point of water. 
(36 F°)(1 C°/1.8 F°) = 20 C° above the freezing point. The centigrade 
temperature is 0 + 20 = 20°C. The above reasoning processes when 
written in equation form give 

°C = (56)CF — 32) 

Solution 2 

a. Let point F represent the unknown Fahrenheit temperature and 
point C represent the known centigrade temperature (20°C). Let a’ 
represent the number of centigrade degrees between the freezing and 
boiling points of water and b’ represent the number of centigrade degrees 
between the temperature under consideration (20°C) and the freezing 
point of water. Let a and b represent corresponding quantities for the 
Fahrenheit scale. Then, 

a’ 

F — 32 20 — 0 
Therefore, 512 — 32 ~ 100 —0 
and F = 68°F 


b. Let point C represent the unknown centigrade temperature and 


bY 
a 
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point F represent the known Fahrenheit temperature (68°F). The same 
reasoning as before leads to the statement that 

O83 a ooo Gu 

212 — 32 100-0 
and C= 20°C 


Solution 3 
a. This method is called the “rule of 40.” It is based on the fact that 


—40°F = —40°C. The temperature, 20°C, is 60 C° above —40°C. Itis 
also 60 C° above —40°F. Since 60 C° is equivalent to 108 F°, the tem- 
perature under consideration is 108 F° above —40°F. The temperature 
is therefore 68°F. 

b. The temperature 68°F is 108 F° or 60 C° above —40°F. It is also 
60 C° above —40°C. The temperature is therefore 20°C. 

Note that the first step in either conversion is to add 40 and the last 
step is to subtract 40. You may quickly decide whether to multiply or 
divide by 1.8 in the middle step, since you know whether you want a 
larger or smaller numerical answer. 

There are many logical ways to convert a particular temperature into 
the equivalent temperature on a different scale. The above problem 
and its several solutions show the type of reasoning involved. It does 
not matter which method you use, as long as you use it by thinking 
and not by memorizing a formula. 

Absolute Temperature Scales. Early investigators found that the 
change in the pv (pressure times volume) product of a gas was directly 
proportional to the change in its temperature. Thus, a change of two 
degrees caused twice the change in the pv product that a change of one 
degree caused. It was determined experimentally that the pv product 
of a gas decreased by 1460 of its value at O°F for each 1 F° decrease in 
temperature. Therefore the pv product would apparently become zero 
at —460°F. The investigators reasoned that this must be the lowest 
temperature that could be reached and called it absolute zero. A tem- 
perature scale on which this point was represented by zero was called an 
absolute temperature scale. The absolute temperature scale which employs 
the Fahrenheit degree as its basic unit is called the Rankine scale; that 
employing the centigrade degree is called the Kelvin scale. 

Examination of Fig. 2-1 shows the relationships between the centigrade 
and Kelvin and between the Fahrenheit and Rankine scales. The rela- 
tion between Rankine and Kelvin temperatures is the same as that 
between Fahrenheit and centigrade degrees. On each temperature scale, 
the temperature is the number of degrees above the zero point. Since 
0°R ~ 0°K, the conversion of one temperature to another is similar to 
the conversion of a number of Fahrenheit degrees into a number of centi- 
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grade degrees, or vice versa. Notice also that a ratio of two absolute 
temperatures (commonly employed in gas calculations, as indicated later) 
has the same numerical value, whether it is expressed as a ratio of Rankine 
or of Kelvin temperatures. 

To illustrate the above numerically, assume that it is desired to con- 
vert 68°F to centigrade, using absolute temperatures. 


68°F =~ 68 + 460°R ~ 528°R 


This means that 68°F is 528 R° above absolute zero in °R. It is also 
528 R° above 0°K. Then it is 528/1.8 = 293 K° above O°, oF 29316 
This corresponds to 20°C. Note that 1 K° ~ 1 C° ~ 1.8 F° ~ 1.8 R°. 

The values 273 and 460 are approximate figures used by engineers. 
The actual values of the absolute zero are still not known exactly, but 
the best recent information places absolute zero at 


273.165 + 0.015 C° below 0°C 
459.679 + 0.027 F° below 0°F 


PRESSURE 


Pressure is defined as “force per unit area.’ It is customary to talk 
about ‘“‘kinds” of pressure in order to distinguish between the pressures 
resulting from different forces. Several kinds of pressure are discussed 
below. 

A gas exerts a pressure by virtue of the impact of its molecules against 
the walls of a confining vessel. The magnitude of the pressure depends 
upon the number of molecules and upon their average kinetic energy. 
It is therefore a function of the amount of gas present and of its 
temperature. 

A liquid, if allowed to evaporate in a confined space, produces a vapor 
that permeates the space above the liquid and exerts a pressure. At the 
beginning of such a process the pressure in the vapor space increases as 
the amount of vapor increases. If there is sufficient liquid present, a 
point is eventually reached at which the pressure in the vapor space is 
exactly equal to the pressure exerted by the liquid at its own surface in 
its effort to evaporate. At this point a dynamic equilibrium exists in 
which vaporization and condensation take place at equal rates and the 
pressure in the vapor space remains constant. The pressure exerted at 
equilibrium is called the vapor pressure of the liquid. The magnitude 
of this pressure depends on the temperature for a given liquid but not on 
the amount of liquid present. Vapor pressure is a property of the liquid. 
It is exerted by the liquid in response to the temperature whether or not 
there is any vapor present. It is defined in terms of equilibrium simply 
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because it is best measured at equilibrium, where the pressure of the 
vapor and the vapor pressure of the liquid are equal. 

Solids, like liquids, exert a vapor pressure. Evaporation of solids 
(called sublimation) is noticeable only for those with an appreciable 
vapor pressure. ie 

A stationary solid object exerts a force on the surface upon which it 
rests. ‘The magnitude of the force depends upon the mass of the object 
and upon the magnitude and direction of any unbalanced external forces 
acting on the object. For example, a l-in. cube with a mass of 1 lb at 
rest at sea level exerts a 1-lb force on the supporting surface because of 
the pull of gravity and nearly 15 lb more force because of the pressure 
of the atmosphere (14.7 lb/in.?) acting upon the top of the cube. The 
pressure of the atmosphere acting on the sides of the cube results in a 
force of 14.7 lb acting inward on each side but does not influence the 
force exerted downward. We may note that one characteristic of a rigid 
solid is that it transmits a force in the direction of the force. 

A stationary fluid exerts a pressure on the surface which it contacts. 
The magnitude of the pressure depends upon the mass of the fluid, upon 
the magnitude of the external force, and upon the area of the fluid over 
which the external force is applied. Consider a thin-walled rigid con- 
tainer of negligible mass with a neck 1 in.? in area, holding a fluid which 
extends up into the neck. Assume for the moment that the weight of 
the fluid is negligible and that it is nonvolatile. The fluid and the con- 
tainer transmit a force to the supporting surface exactly as outlined for 
the solid object considered previously. How does the fluid transmit the 
force to the container? Remember that a fluid can flow in response to 
unbalanced forces and therefore it is stationary only when the forces 
acting at one point in the fluid are equal in all directions. First con- 
sider the force due to the atmosphere. At the surface of the liquid the 
atmosphere is exerting 14.7 lb force on the square inch of liquid, and 
since the liquid would flow if forces were unbalanced at any point, the 
liquid is exerting 14.7 lb force upward toward the atmosphere. The 
pressure in the liquid must be 14.7 lb/in.? in order for the upward force 
at the 1 in.? of exposed surface to be 14.7 lb. At a point in a plane 
immediately below the surface the pressure must also be 14.7 lb/in.? if 
the same balance of forces is to result. By an extension of this reasoning 
it may be seen that the fluid exerts a uniform pressure of 1 atm against 
the entire surface of the container. The force exerted against a particu- 
lar square inch of container area is balanced by the force exerted against 
the square inch of opposite area. However, the square inch of container 
area below the neck of the vessel has no container surface above it, and 
the force exerted upon it is unbalanced. It is felt as a downward force 
of 14.7 lb by the surface supporting the vessel. Note that we have 
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described the manner in which the force exerted by the atmosphere on 
the liquid surface is transmitted by the liquid. If the container widens 
below the neck, the force of the atmosphere on the outside surface is 
transmitted as described for a solid object. 

Now suppose that the fluid has mass. In addition to the 14.7 Ib/in.? 
pressure on all surfaces of the container there will be pressure because of 
gravity. This pressure is determined only by the height of the fluid 
above a given point and the fluid density. This may be proved by con- 
sidering any vertical column of fluid H ft high, with a horizontal cross- 
sectional area of A ft?. The volume of the fluid is HA ft®. If the fluid 
density is p lb/ft*, the mass is HAp lb. The fluid exerts a pressure of 
(HAp/A)(g/g-) = Hp \b;/ft?. This pressure is independent of A and 
therefore is independent of the total mass of the fluid. It is zero at the 
surface of the fluid and increases directly as the depth of the fluid. The 
net unbalance of force acts downward and is equal to the force exerted 
by gravity on the entire fluid mass. Thus if the fluid has a mass of 2 lb 
the net force transmitted by the liquid in this case would be 16.7 lb. 

In the case of a moving fluid, for example one flowing through a pipe, 
a pressure is exerted on the walls of the pipe exactly as described. This 
pressure, exerted in all directions, has to be measured at right angles to 
the direction of flow to avoid reading on the measuring device pressures 
caused by impingement of flowing fluid on it. The pressure with which 
we are concerned, exerted equally in all directions, is called static pressure. 
The pressure which is created by stopping the flow of fluid is called velocity 
pressure. We shall not be concerned with it in this text. 

The following example applies the principles just discussed. 


Example 2-4 
«2 Ft2>| a 2 Ft24 
if O5 ft 
(ft Liquid (3)> 
vay 
be— 10 ¢¢-2—> be—10 ft? —>l b<— 10 ft? —o> 2 ae ft? —> 
I iat pun Ww 


Objects I and II are solid. The solid material of which they are com- 
posed is homogeneous and has a density of 64 Ib/ft*. Objects IIT and IV 
are containers filled with a liquid which has a density of 64 lb/ft*. 
Plane 2 refers to the inside surface of the container in III and IV. In 
cases a to d below, the liquid has negligible vapor pressure. 

a. What is the pressure at point 2 when the objects are in a vacuum, 
assuming that no vaporization of the liquid occurs? 
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640 lb 64 lb 
Object I: lof? ~ ft 

384 lb 38.4 lb 
Object II: Toft? ft 

64 lb 64 lb 
Object III: (1 ft) ( fs ) = Fe 


Object IV: Same as III 


Note that container III (not the liquid within the container) would exert 
64 lb/ft? pressure against the supporting surface underneath it, whereas 
container IV would exert 38.4 lb/ft? pressure against its supporting sur- 
face (if negligible mass is assumed for the containers themselves and only 
the mass of the liquid in them is considered). 

b. If a solid cylinder 2 ft? in area and weighing 20 lb were placed on 
the top of II, what would be the increase in pressure at planes 1 and 2? 








201lb 101b : 10 lb 
Ati: oie = te an increase of Fez 
404 1b 40.4 lb : a 2 |b 
‘AL 2: tof? ~~ te an increase of 40.4 — 38.4 = ff? 
This is also equal to 
20lb = =21b 
10 ft? ft?” 


Note that the extra force of 20 lb was transmitted to area 2 but that the 
extra pressure of 10 lb/ft? was not. The increase in pressure at area 2 
would be the same as the increase in pressure at 1 only if the areas 
were equal. 

c. If a solid cylinder 2 ft? in area and weighing 20 Ib were placed at 
the top of IV, inside the neck of the vessel so that the liquid supported 
the weight but could not escape around the weight, what would be the 
increase in pressure at planes 1 and 2? 











20 1 

eet ne om ee an increase of a 
10 lb 64 Ib 74 | , 

At 2: Fe t (1 ft) ( fp ) = a an increase of =e 


Note that the pressure increase at plane 1 in the fluid is transmitted 
throughout the fluid. 


d. If IL is placed in the atmosphere at sea level, what are the pressures 
at planes 1 and 2? 
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eT Gas n) _ 2117 Ib 
mn. ft? ft? 
At 2: 2117 Ib , 38.4 Ib _ 2155.4 Ib 
zt" ft? ft? 


The solution to d for plane 2 is different from the solution to b for 
plane 2 because the added pressure is not confined to area 1. The 
atmosphere acts also on area 3. 

e. If IV is in the atmosphere at sea level and the liquid vapor pres- 
sure is 5 lb/ft?, what are the pressures at 1 and 2? 


14.7 lb sé 2117 lb 

in.? ft? 

The vapor pressure is not added, because the atmosphere acts as a 
pressure regulator. Liquid vaporizes because of its vapor pressure, but 


it simply displaces some air, and the total pressure exerted at 1 remains 
14.7 lb/in.?. 


At 2: 


7 a RE 





2117 1b , 641b _ 2181 Ib 
ft? ft?  —ss ft? 


Fluid Heads. The magnitude of a particular pressure is often deter- 
mined by measurement of the height of a column of liquid of known 
density which the pressure will support. If the liquid column employed 
has a vacuum at one end, as is the case with the mercury barometer, 
the pressure measured is an absolute pressure. For accurate work the 
temperature of the mercury is measured so that its exact density may be 
used in the pressure computations, and a correction is made for the vapor 
pressure of the mercury which is exerted in the evacuated space. For 
ordinary engineering calculations the vapor pressure of the mercury is 
negligible, and the mercury temperature (if not specified) is taken as 
room temperature (20°C = 68°F). 

Another common type of measuring device, the manometer, uses a 
liquid column with one end open to the atmosphere. The pressure com- 
puted from the liquid height and density may be added (algebraically) 
to the prevailing atmospheric pressure to compute the absolute pressure, 
or it may simply be stated as a gauge pressure (amount above atmospheric) 
or vacuum (amount below atmospheric). 

Here again the temperature of the liquid is taken as room temperature 
if not specified. 'The vapor pressure need not even be considered because 
it has no effect, as shown in Example 2-4, part e. 

It is common engineering practice to report a pressure as the height 
of a column of a liquid of known density. Such a height is called a head 
when it represents the amount by which the pressure exceeds atmos- 
pheric. It is called a draft when it represents the amount by which the 
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specified pressure is less than atmospheric. These expressions are not 
usually employed when the measuring liquid is mercury. - 
Figure 2-2 indicates the relationships between “absolute pressure, 
“gauge pressure,” “vacuum,” “head,” and “draft.” ; 
It is convenient to know the standard atmospheric pressure In various 


1014 mm Hg 

399 in. Hg 

45.3 ft H,0 Absolute 
19.6 psi 
1.334 atm 
254 mm Hg 
{0 in. Hg 
4.9 psi 
0.334 atm 


11.4 ft HO head 




















Gage Gage 
760 mm Hg 

299 in. Hg 

33.9 ft HpO ¢ Absolute 
147 psi 

{atm 


Zero gage 


Vacuum 
506 mm Hg 

19.9 in. Hg 

22.5 ft H2O ¢ Absolute 
9.81 psi 

0.666 atm 


254 mm Hg 
10 in. Hg +} vocuum 


11.4 ft H) O draft 


Absolute 


Zero pressure 
Fic. 2-2. Methods of expressing pressure. 

units, for aid in conversion calculations. Sea-level pressure is 14.7 lb/in.?, 

or 33.9 ft of water, or 29.9 in. Hg, or 760 mm Hg. With this information 


in mind, make the following conversions: 
Example 2-5 


a. Convert a pressure of 10 lb/in.? into mm Hg. 


10 lb\ (760 mm Hg\ _ 
(BP) Ga = esate 


Without the aid of the standard-pressure equivalents, the calculation 
would be 


(2 P) Ce in.) ( 1 ft? Hg 30.5 mm Hg\ _ 
oy, ft? _) \(3.6) (62.4) lb Hg fi Hg J of mung 


b. Convert a pressure of 517 mm Hg into feet of water. 
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33.9 ft H.O 
760 mm Hg 


Without the aid of the standard-pressure equivalents, the calculations 
would be 


1 ft Hg (13.6) (62.4) Ib\ /ft? H.O 
Afro Eg) (, 0.5 mm ») ( ft'He ) \6241b) ~ 23.0 ft H:0 
One could also use the ratios of the specific gravities. Thus, 


1 ft Hg 13.6 ft H.0\ _ 


(517 mm Hg) ( ) = 23.0 ft H.0 





THE PERFECT-GAS LAWS 


In an industrial process or operation, a record must be kept of the 
quantities of materials used and produced. It is more convenient to 
measure the volumes of liquids or gases than it is to measure their weights. 
But the basic quantities necessary for calculation are weight quantities, 
and since the weight of a certain volume depends upon its pressure and 
temperature, pressure and temperature records are also kept. 

In order to convert pressure-volume-temperature information into 
weight, the calculator must know some correlating relationship. If all 
substances in all states (gaseous, liquid, or solid) exhibited the same vari- 
ations of volume with changing pressure and temperature, a universal law 
could be expounded, expressing the relationships between the variables 
and permitting the calculation of weight from PVT information only. 
Since substances are composed of atoms or molecules, this universal law 
would really express the habits of these particles in occupying space and 
exerting pressure and would be written in terms of moles so that equal 
numbers of particles would be considered. 

However, the volume occupied and pressure exerted by a given num- 
ber of atoms or molecules at a given temperature are affected by their 
physical nature. For example, the volume occupied by the particles 
themselves (as distinct from total volume, which includes the space 
between them) is different for different substances. Also, the atoms or 
molecules of an element or compound exert certain forces upon each 
other, such as gravitational forces, which are p.oportional to mass, and 
magnetic forces, which depend upon electrical configuration. These 
forces help to determine the volume of a given number of molecules and 
the pressure which those molecules exert, at a given temperature. 

In the liquid and solid states, where the particles are relatively close 
together, there is no general correlation between number of molecules, 
volume, pressure, and temperature. A general correlation, or universal 
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law, is possible only for the gaseous state, and even then only when the 
average distance between the particles is sufficiently great that the inter- 
molecular forces are negligible and the volume of the molecules them- 
selves is negligible compared with the total volume. It is postulated 
that an ideal gas would be one for which this was always true, and the 
law is called the ideal-, or perfect-, gas law. 

Early investigators discovered the correlating relationships by working 
with the so-called “noncondensable” gases at moderate pressures and 
temperatures. Robert Boyle, in 1660, reported that the volume of a gas 
varied inversely as the absolute pressure, at constant temperature. Both 
Charles and Gay-Lussac announced in 1802 that the volume varied 
directly as the absolute temperature at constant pressure. 

Gay-Lussac expressed the proportionality of reacting gas volumes but 
could not explain such a reaction as the formation of nitric oxide. His 
concept of the reaction was 


2N + 20 — 2NO 


and he was confused by the fact that no volume change occurred. 
Amadeo Avogadro in 1811 drew a distinction between ‘‘molecules inte- 
grantes”’ (still called ‘“‘molecules’’) and “‘molecules elementaires”’ (now 
called ‘‘atoms’’). He proposed his famous hypothesis that ‘‘equal vol- 
umes of different gases under the same conditions of temperature and 
pressure contain an equal number of molecules.’”’ This means that a 
mole of gas, at a certain pressure and temperature, occupies the same 
volume as a mole of any other gas at the same pressure and temperature. 
Avagadro stated correctly that the equation for the formation of nitric 
oxide was 


N: + O02: — 2NO 


All these conclusions were drawn from experiments during which the 
gaseous materials were exhibiting ideal behavior, within the experimental 
accuracy of the measuring devices used. 


These observations form the basis of the perfect-gas law. They may 
be combined into the equation 


PV = NRT (2-1) 
P = absolute pressure 

V = volume of gas 

N = number of moles present 

S = absolute temperature 


a constant, the numerical value of which depends upon the 
units used 


ey Constant or Equivalent Quantity. The gas constant R, called 
the ‘“‘perfect- or ideal-gas constant,” is a natural constant. Its value 
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may not be derived by abstract mathematical reasoning. It can be 
established only by careful experimental measurement of the physical 
behavior of gases. It is necessary to memorize the value of the gas con- 
stant, or equivalent information, in order to solve gas problems. The 
equivalent information is the volume of one mole at a given temperature 
and pressure. The following example illustrates the two methods of 
approach: 

Example 2-6 

a. The value of the ideal-gas constant is 0.729 (atm) (ft) /(Ibmole)(°R). 
How many poundmoles of nitrogen will occupy 1000 ft? at a pressure of 
16 lb/in.* and a temperature of 400°K? 

Solution 

PV =NRT 


16Ib\ (_1atm __ xn (0.729(atm) (ft) : 
(CR ) (ia a) auiniiieies )( bmole) PR) ) (400)(1.8)¢ wv) 
N = 2.07 lbmole 











b. Defining standard conditions (SC) as the freezing temperature of 
water and one atmosphere pressure and solving the perfect-gas law for 
the volume of 1 mole of gas, we find that 1 gmole occupies 22.4 liters 
and 1 lbmole occupies 359 ft’. These quantities are often referred to as 
molar volumes at standard conditions. Therefore, if the volume of a 
gas is found at standard conditions, this volume may be divided by the 
molar volume to determine the number of moles. Answer the question 
of part a on the basis of this knowledge. 


273°K\ ( 16 lb/in.? \ |* (1 Ibmole 
3 a EIEER LAER ed eee ees = 
| (1000 ay Crete) ee sey) ( 359 ft3 ) mL Bhee8 
Comparison of a and b reveals that calculation a has (1.8)(0.729) where 


b has 359/273. That this latter is the equivalent of the constant may be 
seen from the following: 


= (NRT) (1 atm) (359 ft*) = (1 Ibmole)(R)(273°K) 


The second method of solution is employed in this text. It is preferred 
simply because it is similar in form to the most common type of gas calcu- 
lation. This calculation involves the determination of the final volume 
of a given quantity of gas, if the initial volume, pressure, and temper- 
ature and the final pressure and temperature are known. 

If the conditions of temperature and pressure on a given quantity of 


* These brackets have a special significance. They indicate that the quantities 
contained therein are at standard conditions. This is merely a calculation habit of 
the authors. It is employed here because it has been found useful by many students. 
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gas are changed and the number of moles does not change, the gas law 
yields this expression relating the initial and final conditions: 


PV, = P2V2 (2-2) 





The subscripts 1 and 2 refer to initial and final condition, respectively. 
This equation is useful for determining the change in volume which will 
occur when the temperature and pressure are changed and is also the 
basis of a convenient method for determining the number of moles in a 
given quantity of gas, as shown in Example 2-6 part b. 

In keeping with our basic tenet of reasoning rather than memorizing, 
we proceed as shown below. 

Example 2-7. A gas occupies 1000 ft® at 400°K and 16 psia. What 
volume would it occupy at 273°K and 14.7 psia? 

Solution. The original volume will change in response to the tempera- 
ture change and also in response to the pressure change. The tempera- 
ture decreases and tends to decrease the volume. The pressure decreases 
and tends to increase the volume. If we multiply the volume first by 
the temperature ratio and then by the pressure ratio, in such a way as to 
express these tendencies, we can calculate the final volume. 


| 1000 ft’) (ar) (| = 742 ft? at SC 


This is, of course, the same result that would be obtained from Eq. (2-2). 
In an analogous manner, it is possible to calculate the final pressure or 
temperature if either of these is the unknown quantity. 

In Example 2-6, part b, the only reason for converting the gas volume 
to standard conditions was that the factor 359 ft?/Ibmole, which was to 
be used, was also at standard conditions. The volume per poundmole 
at any arbitrarily chosen temperature and pressure would do equally well, 
but it is customary to use the volume at standard conditions. You 
should realize that you are merely finding the volume which would be 
occupied if the gas obeyed the perfect-gas law at standard conditions. 
It should really be called the equivalent volume at 1 atm pressure and 
0°C. It is not necessary that the real gas under consideration be an 
ideal gas at standard conditions, because it is reduced to them only on 
paper and not in actuality. It must, however, be a perfect gas at the 
pressure and temperature at which its volume is measured. 

Gaseous Mixtures. Let us consider a mixture of gases under condi- 
tions such that each individual gas behaves ideally. Each gas occupies 
the full volume, in spite of the presence of the other gases. The pressure 
which it exerts in the full volume, at the temperature of the mixture 
depends upon the number of moles of the particular gas. It does not 
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depend upon the nature of the gas or upon the nature of the other gases 
in the mixture, since these are ideal gases and intermolecular forces are 
negligible. The total pressure of the mixture is the sum of the individual 
pressures. Dalton, in 1805, stated that the total pressure exerted by a 
mixture of gases is the sum of the pressures which the individual gases 
exert, when present alone in the full volume at the temperature of the 
mixture. This is strictly true only for a mixture of ideal gases. The 
term partial pressure is used both for the pressure exerted by one gas in 
a gas mixture and for the pressure which it would exert alone in the 
full volume. These quantities are identical only for ideal gases. 

Remember that the basic purpose of PVT measurements in stoichi- 
ometry is to enable us to calculate the moles (or weight) of the gaseous 
substances. We may readily calculate the total number of moles in 
a mixture of ideal gases from the total pressure, total volume, and 
temperature of the mixture, because each gas in the mixture obeys 
the ideal-gas law and therefore the total mixture must also obey it. 
Mathematically, if 


N = total moles 
Na, Mp, .... = moles of components A, B,.... 
total pressure 
Ppa, Pp, .... = partial pressures of A, B,.... 
then paV = naRT 
paV = nsRT (2-3) 


Adding the equations for all the components, 


Vip = RTIn 
Since Zp = total pressure = P 
and zn = total moles = N 


the above equation reduces to 
PV = NRT 


Thus the perfect-gas law may be applied to the mixture of perfect gases. 
We may calculate the moles of any individual gas from the total vol- 
ume and temperature of the mixture and partial pressure of the individual 
gas. Therefore we could satisfactorily describe a mixture of gases by 
giving the total volume, the temperature, and the partial pressures of 
the components. With this information it would be possible to calcu- 
late the total moles of mixture, moles of each component, total weight, 
weight of each component, and the mole and weight fractions and per- 
centages of each component. Since the relative number of moles of each 
component determines its relative pressure, pressure fraction is equal tc 
mole fraction. This may be seen mathematically if we express the moles 
in terms of the pressure and write the expression for the mole fraction. 
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V 

Since na = ne 
PV 

and N= RT 


Note also that mole ratio, n4/nz, equals pressure ratio, pa/ps. 

As explained in the following section (Condensable Gases), the partial 
pressures of condensable gases may be determined experimentally with- 
out difficulty. However, the partial pressure of a noncondensable gas 
can rarely be determined by direct measurement. The composition of a 
mixture of noncondensable gases is determined by measuring the partial 
volume of each gas. 

The partial volume is defined as the volume which the gas would 
occupy if it alone were present at the temperature and full pressure of 
the mixture. Amagat observed that the total volume occupied by a 
mixture of gases is the sum of the volumes which the individual gases 
occupy when present alone at the temperature and pressure of the mix- 
ture. This is strictly true only for a mixture of ideal gases. The term 
“partial volume”’ is used both for the volume defined above and for the 
increase in volume of a mixture of gases which results from the addition 
of another gas. These quantities are identical only for ideal gases. If 


V = total volume 


and v,,0g,... . = partial volumes of components A, B,.... 
then Pv, = naRT 
and Pup = ngRT (2-5) 
Adding the above equations for all the components, 
Pzv = RTIn 
or PV = NRT 


Dividing one of the equations for a pure component by the equation for 
the mixture, 


= y= (2-6) 
This equation shows that the partial volume of any component of the 
mixture is equal to the mole fraction times the total volume. We may 
summarize the discussion on partial pressure and partial volume, for a 
perfect gas, by writing 
Pa _ Ya _ Ma 


PVN U4 a 


or pressure fraction equals volume fraction equals mole fraction. 
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Occasionally it is desirable to work with weight fraction of gases in a 
mixture. This is not ordinarily done because no simple relationships 
exist between mole fraction, pressure fraction, and weight fraction. 

The total weight (actually, mass) of a mixture of gases consisting of 
na mole of A, ng mole of B, etc., where 


Ma, Ms, .... = molecular weights of A, B,... . 
1s We= naMa, + ngMep + oe at nM (2-8) 


Then the weight fraction of a component is given by 


naM a, Twa 





InM ~~ Ww *4 (2-9) 
The average molecular weight of a mixture of gases is given by 
XnM = <XnM 
M. — “En = a5 508 (2-10) 


Then the weight fraction and mole fraction are related by the expression 





M M 
ca = Re. (HA) yy (2-11) 


Thus any of the equations involving pressure and volume fractions may 
be written in terms of weight fraction as well as mole fraction, but the 
resulting equations are not as convenient to use as those involving mole 
fractions. These relationships are illustrated in the following problem: 
Example 2-8. In 1000 ft® of a mixture of H2, Ne, and CO, at 250°F, 
the partial pressures of the three gases are 0.26 atm, 0.32 atm, and 
1.31 atm, in the order named. Assuming that the gases behave ideally, 
answer the following: 
a. How many poundmoles of hydrogen are there? 
. What are the mole fraction and mole percentage of hydrogen? 
. What is the pressure fraction of hydrogen? 
. What is the partial volume of hydrogen? 
. What are the volume fraction and volume percentage of hydrogen? 
. What is the weight of hydrogen? 
. What is the average molecular weight of the mixture? 
. What is the weight fraction of hydrogen? 
Solution 
a. Number of poundmoles of hydrogen 


l 
| (1000 ft? H.) (38) (57) (Ree) = 0.501 lbmole H: 


rTaQ rs 02 Qo oo 
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b. Mole fraction and percentage of hydrogen 


0.26 + 0.32 + 1.31) (492\] (Ibmole 
| (1000 ft? mixture) (028 + 0.82 + 1.81) (7) (Re a 


= 3.65 lbmole mixture 





0.501 lbmole He 


3.65 lbmole mixture = 0.138 mole fraction, or 13.8%m 


The total moles of mixture could have been calculated from the knowledge 
that pressure fraction equals mole fraction, as follows: 


1.89 lbmole mixture 


(0.501 lbmole H2) ( 0.96 Ibmole Hi, ) = 3.65 lbmole mixture 


c. Pressure fraction of hydrogen 


0.26 atm 


1:80 nin 0.138 = pressure fraction 


d. Partial volume of hydrogen. Partial volume is the volume at 
1.89 atm and 250°F. Start with 1000 ft* of Hz at 0.26 atm and 250°F, 
and find the volume at 1.89 atm and 250°F. 

0.26 


3 V.s0\ _ 3 
(1000 ft* H;) (130) 138 ft 


e. Volume fraction and percentage of hydrogen 
138 ft? : 
chia = 0.138 = volume fraction, or 13.8%v 


f. Weight of hydrogen 


2.02 lb H2\ _ 
(0.501 lbmole H.) (Gear) = 1.10 lb He 
g. Average molecular weight of the mixture 
Basis: 100 lbmole of mixture 






Component Mole = n 











=, See: (100) (T35 = 13.8 
Lee ey, (100) (T33 = 16.9 
(100) (735 = 69.3 


3562 lb 35.6 lb 
100 lbmole  ibmole. ame molecular weight = M,, 
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h. Weight fraction of hydrogen 


27.8 . . 
3560 = 0.0078 = weight fraction of Hz 


or 


0.138 Ibmole H2\ /2.02 lb H2\ /Ibmole mixture\ _ 0.0078 lb Hy 
Ibmole mixture / \lbmole H,/) \ 35.6 lb say) ~~ |b mixture 


Some important conclusions concerning mixtures of ideal gases may be 
drawn from the above example. One is that mole fraction, volume frac- 
tion, and pressure fraction are equal. Another is that weight fraction is 
less desirable than either of the other fractions for calculation purposes, 
just as weight was less desirable than moles in dealing with chemical 
equations. Take special note in the example that the partial pressure 
of each gas is proportional to the number of moles of it present. This 
means that the partial pressure can be calculated if the mole fraction 
and total pressure are known. If y, = mole fraction of gas A, then 
pa = yaP. This was shown in Eq. (2-4). This statement is true only 
when each gas is ideal. It is commonly said to apply ‘when Dalton’s 
law is obeyed.” 

Condensable Gases (Vapors). One type of problem which requires 
the use of the partial-volume and partial-pressure concepts is encountered 
when one is dealing with gas mixtures containing condensable vapors. 
Even if all the gases present follow the perfect-gas law, the simplified 
equations such as (2-2) may not always be used, because of a change in 
the number of moles as a result of condensation or vaporization. For 
the purposes of this text, it may be assumed that the law is obeyed by 
each gaseous material unless and until it, itself, begins to condense. 

As an example, consider the isothermal compression of a mixture of 
air and water vapor in which the partial pressure of the water vapor is 
originally one-half the vapor pressure of water at that temperature. 
When the total pressure is doubled, the partial pressures of all the gases 
are doubled, including that of the water, and the volume of the mixture 
ishalved. At this point the partial pressure of the water equals its vapor 
pressure. If the compression is carried further, the partial pressure of 
all the other gases will increase, but, because of the condensation of the 
water vapor, its partial pressure will remain constant. The mole fraction 
of the water will decrease, and the total moles of gas will also decrease. 

A discussion of the characteristics of gaseous mixtures containing a 
vapor is given in connection with the solution to the following problem: 

Example 2-9 

a. Five liters of a mixture of air and water vapor exists at 40°C and 
762 mm Hg pressure. The partial pressure of the water vapor is 27.7 
mm Hg. 
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. The original mixture is heated at constant pressure to 60°C. 
. The original mixture is cooled at constant pressure to 20°C. 
. The original mixture is heated at constant volume to 60°C. 
. The original mixture is cooled at constant volume to 20°C. 
. The original mixture is expanded at constant temperature to 10 
liters. 
g. The original mixture is compressed at constant temperature to 1 
liter. 


MW H.0 = 18 MW dry air = 29.0 
Vapor pressure of water at 20°C = 17.5 mm Hg 
Vapor pressure of water at 40°C = 55.3 mm Hg 
Vapor pressure of water at 60°C = 149 mm Hg 
1 gmole of gas occupies 22.4 liters at SC 


“4 ce Qa & 


For each of the above conditions, what are the values of the following: 
1. The partial pressure of water vapor 

. The partial pressure of dry air 

. The total pressure 

. The total volume 

. The grammoles of water vapor in the final mixture 

. The grammoles of dry air in the final mixture 

. The grammoles of water condensed 

olution 

. Conditions of the original mixture: 

- Pu,o = 27.7 mm Hg (given) 

- Deir = 162 — 27.7 = 734.8 mm Hg 

. P = 762 mm Hg (given) 

. V = 5 liters (given) 


: 273\ (762 gmole \ _ : 
° | liters) (aa) (765) | (states) = 0.1952 gmole of mixture 


(0.195) (cpa 


DWNIQoaPr wn 
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762 gmole mixture ) = 0.0071 gmole water vapor 


6. 0.195 — 0.0071 = 0.188 gmole dry air 
The grammoles of each material can also be calculated from the volume, 
temperature, and partial pressure of that material. For example, 


: 273\ (27.7 1 
| liters) (a3) (70) (gz) = 0.0071 gmole of water vapor 


It is possible to state the quantity of water vapor in three ways: 
(1) There is 0.0071 gmole of water vapor. 
(2) There is 5 liters of water vapor at 27.7 mm Hg and 40°C. 
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(3) There is (5)(27.7/762), or 0.164, liter of water vapor at 762 mm Hg 
and 40°C. 

7. No water vapor condenses (given). 

b. Conditions when the original mixture is heated at constant pressure 
to 60°C: 

- Pu,o = 27.7 mm Hg (no change) 

- Pair = 734.3 mm Hg (no change) 

. P = 762 mm Hg (no change) 

. V = (5 liters) (333°K/313°K) = 5.32 liters 

. 0.0071 (no change) gmole water vapor 

. 0.188 (no change) gmole dry air 

. No water condenses. 

If the original mixture is heated at constant pressure, no condensation 
can occur. Therefore the total moles and mole fraction of each com- 
ponent are unchanged. Since the total pressure is constant, if the mole 
fractions are constant, the partial pressures are also constant. Another 
way to state this is to say that all the gaseous materials obey the same 
gas law, and if the total pressure on the mixture is constant, the pressure 
of each gaseous material must be constant. 

c. Conditions when the original mixture is cooled at constant pressure 
to 20°C: 

1. If the original mixture is cooled at constant pressure, condensation 
may occur. If water condenses, the final volume cannot be calculated 
by applying the gas law to the total mixture, because it does not apply. 
The final partial pressure of the dry air cannot be calculated because the 
final volume is unknown. It is easy to decide whether condensation will 
occur or not. The final pressure of the water vapor would be 27.7 mm 
Hg if condensation did not occur. But at 20°C, the vapor pressure of 
water is 17.5 mm Hg. Therefore condensation does occur, and the final 
partial pressure of water vapor is 17.5 mm Hg. 

2. Pair = 762 — 17.5 = 744.5 mm Hg . 

3. P = 762 mm Hg (no change) 

4. A convenient way to compute the final volume is to calculate the 
final volume of the dry air at its partial pressure since the air at its partial 
pressure occupies the full volume of the mixture. 


(5 liters dry air)(293413)(734444) = 4.62 liters of total mixture 
5. There is 4.09 liters of water vapor at 20°C and 17.5 mm Hg. 


; 273\ (17.5 La \ as 
| (4.62 liters) (555) (Fi) (sa) = 0.00442 gmole water vapor 


6. The airisnotcondensable. Therefore there is 0.188 gmole of dry air. 
7. 0.00710 — 0.00442 = 0.00268 gmole water condenses. 
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d. Conditions when the original mixture is heated at constant volume 
to 60°C: 

1. If the original mixture is heated at constant volume, no conden- 
sation occurs. Therefore the gas laws may be applied to the total mix- 
ture. Thus 


pu,o = (27.7 mm Hg)(333/313) = 29.4 mm Hg 


. Pair = (734 mm Hg) (333/313) = 780 mm Hg 
P = 780 + 29.4 = 809.4 mm Hg 
V = 5 liters (given) 
. 0.0071 gmole of water vapor (no change) 
. 0.188 gmole dry air (no change) 
. No water condenses. 

e. Conditions when the original mixture is cooled at constant volume 
tow0-G: 

1. If the original mixture is cooled at constant volume, condensation 
may occur. In order to determine whether it does or not, the partial 
pressure of the water vapor is calculated, assuming no condensation. 


(27.7 mm Hg) (29343) = 25.9 mm Hg 


But the vapor pressure of water at 20°C is only 17.5 mm Hg. There- 
fore condensation does occur, and the final partial pressure of water vapor 
is 17.5 mm Hg. 

2. The dry air will obey the gas laws. Since its final volume is known, 


Pair = (734 mm Hg) (293413) = 690 mm Hg 


. P = 690 + 17.5 = 707.5 mm Hg 
. V = 5 liters (given) 


eo Reere  OHeTS) G) = 0.00479 gmole of water vapor 
. 0.188 gmole (no condensation) 
. 0.0071 — 0.00479 = 0.00231 gmole water condenses. 
f. Conditions when the original mixture is expanded at constant tem- 
perature to 10 liters: 


1. If the original mixture is expanded, no condensation will occur. 
Pu. = (27.7 mm Hg)(570) = 13.85 mm Hg 


- Psir = (734 mm Hg) (549) = 367 mm Hg 
- P = (762 mm Hg)(5{0) = 381 mm Hg 
V = 10 liters (given) 

. 0.00710 gmole of water vapor (no change) 
- 0.188 gmole of dry air (no change) 

. No water condenses. 


NOP wd 
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g. Conditions when the original mixture is compressed at constant 
temperature to 1 liter: 

1. If the original mixture is compressed, condensation may occur. If 
the water vapor did not condense, its new partial pressure would be 
(27.7 mm Hg)(5/1) = 138.5:mm Hg. But the vapor pressure of water 
at 40°C is only 55.3 mm Hg. Therefore water condenses, and the final 
mixture will be saturated with water vapor at a partial pressure of 
55.3 mm Hg. 

2. The dry air increases in pressure as follows: 


Pair = (734 mm Hg)(54) = 3670 mm Hg 


P = 3670 + 55.3 = 3725 mm Hg total pressure 
V = 1 liter (given) 
There is 1 liter of water vapor at 55.3 mm Hg and 40°C. 


: 55.3 \ (273 1 
ja liter) Ce) #3) (a3) = 0.00284 gmole water vapor 


6. 0.188 gmole dry air (no change) 
7. 0.0071 — 0.00284 = 0.00426 gmole H.O condenses. 
The results are summarized in Table 2-1. 


AN = 


TABLE 2-1. ANSWERS TO EXAMPLE 2-9 











Part a b c 
J EM veh a bolo Oe Se Rita 2 uy As 762 |762 762 
Vat liters ect cut. eer ete, 5 5.32) 4.62 
4S a RE er Fie bee fe tee 40 60 20 
Dae) TO OG o,,. 5s aes PH PETE N Sy hoor ale fos) , 
| sae Daas tris, SR Ee aN 734.3 |734.3 | 744.5 | 780 
gmole water vapor.......... 0.0071/0 .0071|0.00442)0.0071\0 .00479,0 .0071|0.00284 
eile ary mine. can oes oe ss 0.188 |0.188 |0.188 |0.188 |0.188 |0.188 |0.188 
gmole H.2O condensed....... 0 0 |0.00268 





The partial pressure of a vapor in a gaseous mixture may be determined 
by cooling at constant pressure. In this method the mixture is brought 
into contact with a shiny metal surface which is progressively cooled, 
while the surface temperature is measured. The metal surface eventually 
becomes clouded with small droplets of condensate. This occurs because 
the gaseous mixture at the metal surface is at the temperature of the 
surface and when the partial pressure of the vapor (which stays constant 
during the initial cooling because the mole fraction and total pressure 
do not change) equals the vapor pressure of liquid at that temperature 
(vapor pressure depends on temperature only), the gas becomes satu- 
rated and condensation commences. The temperature at which th 
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cloudiness appears is called the dew point. Reference to vapor-pressure 
data for the liquid gives the partial pressure of the vapor in the original 
mixture. ; 

The gaseous mixture of Example 2-9 has a dew point of 27.8°C because 
the vapor pressure of liquid water at 27.8°C is 27.7 mm Hg. Conden- 
sation would begin at that temperature in the process described in part c. 

The principles of gas and vapor behavior expounded above are very 
important industrially. An interesting example of the application of 
these principles is the Orsat analysis. The Orsat method is the com- 
monest method of combustion-gas analysis. Standardized apparatus is 
available at low cost, and the information determined by the analysis is 
sufficient for combustion calculations. 

The method is used for hydrocarbon fuels (coal, liquefied petroleum gas, 
natural gas, coal gas, etc.), which are converted into oxides of carbon and 
hydrogen by burning inair. The following problem illustrates the chemi- 
cal nature of the Orsat analysis and the significance of the data which are 
obtained by it. 

Example 2-10. Some of the flue gas from a coal furnace is removed 
from the flue, cooled to room temperature, and a sample is trapped above 
water, in a graduated cylinder. The sample has a volume of 100 cm? 
at room temperature and atmospheric pressure. No gas dissolves in the 
water, since the water was previously saturated with flue-gas constituents. 
The sample is passed to a device in which potassium hydroxide absorbs 
all the carbon dioxide but no other gas and is then returned to the gradu- 
ated cylinder where its volume at room temperature and atmospheric 
pressure is measured. A similar procedure is employed to remove oxy- 
gen with alkaline pyrogallol and carbon monoxide with cuprous chloride. 
The data from a certain flue-gas analysis are as follows: 


PLOMUPELavure sen ete eee 75°F 
Pressure i005; ARs A ee 758 mm Hg 
Original volume of sample.......... 100 cm$ 
Volume after CO2 removal.......... 87.9 cm? 
Volume after O2 removal........... 80.7 cm? 
Volume after CO removal.......... 80.5 cm3 


Calculate the percentage analysis (by volume) of the flue gas on a 
dry basis (COz, Ox, and No»), assuming that the 100-cm?3 sample was” 
saturated with water vapor and contained no hydrocarbon gases. 

Solution. Since the sample is saturated with water vapor, each suc- 
cessive reduction in volume causes condensation of water. The partial 
pressure of water vapor therefore remains at all times at the level 
corresponding to saturation at 75°F. The vapor pressure of water at 


75°F = 22.2 mm Hg. We may assume that the volume occupied by 
the condensed water is negligible. 
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The percentage of CO: “‘on a dry basis”’ is the percentage of CQ, in the 
dry gases. Therefore the volume of dry CO, and of total dry gases, 
at the same temperature and pressure, must be calculated. The partial 
pressure of the dry gases is 758 — 22.2 = 725.8 mm Hg. The volume 
of dry gases at 75°F and 725.8 mm Hg was 100 cm*. Therefore the partial 
volume of dry gases (at 75°F and 758 mm Hg) was (100) (725.8/758) cm’. 
The volume which the CO, and the water vapor condensed in CO, 
removal (because of volume change) occupied at 75°F and 758 mm Hg 
was 100 — 87.9 = 12.1 cm*. The CO, occupied 12.1 cm? at 75°F and 
725.8 mm Hg. Therefore the partial volume of the CO, (at 75°F and 
758 mm Hg) was (12.1)(725.8/758) cm*. The percentage of CO2 on a 
dry basis is therefore 


(12.1) (725.8/758) 
(O40), (aa ea) ety 


Notice that the volume change on CO: removal divided by the original 
sample volume gives the same result and that the above calculation is 
unnecessary. This is because the water vapor exerts the same partial 
pressure before and after CO2 removal. Therefore the 12.1 em* of COz 
and the 100 cm# of dry gases are already at identical pressure (725.8 mm 
Hg) and temperature, and the percentage of the dry-gas volume occupied 
by CO, must be 12.1 %v. 
Similarly, it may be concluded that the oxygen occupied 


87.9 — 80.7 = 7.2% 


of the original volume, and the CO occupied 80.7 — 80.5 = 0.2%v. 
Since we are assuming perfect gases, volume per cent, as obtained above, 
is equal to mole per cent. 

Gas-law Limitation. Throughout the chapter we have referred to the 
fact that no real gases obey the perfect-gas law exactly. You may well 
ask why so much emphasis has been placed on it. There are two reasons 
for this. The first reason is that for most gases, when the pressure is 
10 atm or less, the perfect-gas law may be used with confidence to give 
engineering accuracy. The upper limit of its use is, however, dependent 
on both the gas and the desired accuracy of the calculations. A dis- 
cussion of these limitations is not within the scope of this text. 

The other reason for the emphasis on the perfect-gas law is that the 
methods of making calculations for gases are well illustrated by the use 
of this law. Calculations for real gases sometimes involve the use of 
quite complex equations. The study of these equations is best deferred 
until a course in physical chemistry is taken. The use of the more com- 
plex equations complicates the mathematical details, but the principles 
of the calculations remain unchanged. 
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PROBLEMS 


2-1. Carbon tetrachloride has the formula CCl,. 

a. What are the atomic weights of carbon and chlorine? 

b. One molecule contains how many atoms of carbon and chlorine? 

c. What is the ratio of the weight of chlorine to the weight of carbon in one mole- 
cule? 

d. 6.06 X 102% molecules comprise 1 gmol of CCly. What is the weight of 1 gmole? 

e. What is the weight of carbon and chlorine in 1 gmole? 

f. One poundmole contains 454 gmole. What is the weight of 1 lbmole? 

g. What is the weight of carbon and chlorine in 1 lbmole? 

h. How many poundatoms of carbon and poundmoles of chlorine are necessary to 
form 1 lbmole of CCl,? 

2-2. How many poundmoles are in 100 lb of each of the following: 

a. CaCO; b. H: Cc. HCl d. MgO é. H.5S,0;7 

2-3. Find the percentage by weight of carbon in 

a. CH, 6. CO ec. COz d. CaCO; e. CCl 

2-4. A compound consists of 62.4%w Ca and 37.6 %w C. 

a. How many poundatoms of carbon are in 100 lb of the compound? 

b. How many poundatoms of calcium are in 100 lb of the compound? 

c. What is the ratio of poundatoms of carbon to poundatoms of calcium? 

d. What is the simplest chemical formula that can be written for the compound? 

2-5. A compound with a molecular weight of 138.7 contains 52.3%w C, 4.36% H, 
20.19% N, and 23.08% O. What is its empirical formula? 

2-6. A compound whose formula is XCl2, soluble in water, is known to form an 
insoluble sulfate. In a quantitative analysis, 100 ml of a solution of XCl, is treated 
with an excess of H.SO,, and 2.36 g of dry XSO, is obtained. A separate analysis 
shows that 0.01 gmole of Cl2 can be obtained from 100 ml of solution. What is the 
atomic weight of X, according to this analysis? 

2-7. A mixture of NaCl and NaOH contains 40%w Na. What are the weight 
percentages of NaCl and NaOH in the mixture? 

2-8. In the neutralization reaction 


2Na0H + H.SO, ae Na2SO, “fe 2H,.0 


a. What are the relative weights of the molecules of NaOH, H2SO,, Na2SO,, and 
H,0? 

b. When one molecule of H.SO, reacts, how many molecules of NaOH react, and 
how many molecules of Na2SO, and H,O are formed? 

c. When 6.06 X 102% molecules of H.SO, (1 gmole) react, how many molecules of 
NaOH react, and how many molecules of Na;SO, and H.O are formed? 

d. When 1 gmole of H,SO, reacts, how many grammoles of NaOH react, and how 
many grammoles of Na2:SQ, and H.O are formed? 

e. When 454 gmole (1 lbmole) of H.SQ, reacts, how many poundmoles of NaOH 
react, and how many poundmoles of Na,SO, and H,0 are formed? 

f. What are the weights of H.SO, and NaOH reacting and of Na:SO, and H,O 
formed when 1 kgmole of H2SQ, reacts? 

2-9. One hundred grams of chlorine gas is mixed with 10 g of hydrogen gas. 

a. How many grammoles of chlorine gas are present? 

b. How many grammoles of hydrogen gas are present? 

c. How many moles of mixed gas are present? 
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d. The number of moles of chlorine gas is what fraction of the total number of 
moles present? 


e. The number of moles of hydrogen gas is what fraction of the total number of 
moles present? 


f. What is the sum of the two mole fractions? 
Upon ignition by a spark, the reaction 


Hz + Cl: — 2HCl 


takes place. Assuming complete reaction, 

g. How many moles of HCl are formed? 

h. What weight of HCl is formed? 

t. What are the limiting and excess reactants? 

j. What is the “theoretically required’? amount of the excess reactant, i.e., the 
amount necessary to react with all the limiting reactant? 

k. What is the per cent excess of the excess reactant? 

l. What is the percentage conversion of the excess reactant? 

2-10. A coke is known to contain 90%w C and 10%w noncombustible ash. De- 
pending on conditions, the carbon can burn to either CO or CO:. 

a. How many poundmoles of oxygen are theoretically required to burn 100 lb of 
coke completely (to CO2)? 

b. If 50% excess oxygen is supplied and if 80% of the carbon present burns to CO:, 
the rest going to CO, how many moles of gases (Oz, CO, and CO:) are present at the 
end of combustion? 

c. What are the mole fractions of the three gases in the final mixture? 

d. What are the weights of the three gases in the final mixture? 

e. What fractions of the total weight of gases are the weights of each of the three 
constituents? 

2-11. Calculate the density in lb/ft’ of a mixture of 40%v CH, and 60%v He at 
50°C and 4.5 atm total pressure. 

2-12. Pyrites (FeS2) is often used as a source of sulfur gases. The usually desired 
reaction is 

4FeS, + 150,— 2Fe.0; + 8503 
However, the reaction 
4FeS, + 110,— 2F e203 ob 880, 


occurs simultaneously, and most of the sulfur is oxidized to SOz rather than SOs. 
Catalytic converters are required to oxidize this SO: to SO;. An analysis of exit 
gases from a pyrites burner in which FeS: was burned with dry air shows a ratio of 
4:2:1 for SO2:02:SO3. Choosing a convenient basis of 7 moles of this mixture, 

a. How many moles of oxygen were used to obtain the SO;? 

b. How many moles of oxygen were used to obtain the SO? 

c. How many moles of oxygen must have been supplied originally? 

d. How many moles of oxygen would have been used if all the sulfur had gone to 
S0:? 

e. What is the exccss number of moles of oxygen? 

f. What is the per cent excess of oxygen? 

g. How many moles of FeS; must have been burned to furnish the sulfur present 
in the gas? 

2-18. Ethane, C.H., reacts with pure oxygen to form water and CO:. If 3 mole of 
C,H, and 12 mole of oxygen are mixed, and 80% of the ethane reacts, 
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. How many moles of C2He, O2, HO, and CO: are present in the final mixture? 
. What are the mole fractions of the four gases? 

What are the weights of the gases? 

. What are the weight fractions of the gases? 

. What is the excess number of moles of oxygen? 

. What is the per cent excess of oxygen? 

2-14. Sea water has an average specific gravity of about 1.03. A rough analysis 
shows that it contains 2.8%w NaCl, 0.50% MgCle, and 0.0085% NaBr. How many 
tons of chlorine, magnesium, and bromine could be obtained from these three salts 
in a cubic mile of sea water? 

2-15. Benzene, CeHg, has a specific gravity of 0.872 at 25°C, and ethylene dichlo- 
ride, C2H,Cl2, has a specific gravity of 1.246. 

a. How many pounds of each would be required to make up 100 lb of a solution of 
20%m CeHs and 80%m C2H;Cl.2? 

b. If the final volume of the mixture is equal to the sum of the volumes of the two 
constituents before mixing, what is the density of the mixture in lb/ft?? 

2-16. If a substance at 0°F is heated to 100°F, 

a. What are the initial and final temperatures in °C, °R, and °K? 

b. What is the change in temperature in C°, R°, and K°? 

c. Calculate the change in temperature in C°, R°, and K° when the temperature 
of a body rises 100 F°; show that this calculation can be made even when actual 
temperatures are unknown. 

2-17. The Reaumur temperature scale reads 0°Reaumur at the freezing point of 
water and 80°Reaumur at its boiling point. 

a. What temperature on this scale corresponds to absolute zero? 

b. What temperature corresponds to 0°F? 

c. At what temperature are the Fahrenheit and Reaumur temperatures the same 
numerically? 

2-18. Carbon tetrachloride, sometimes used in manometers for measuring pressures 
or pressure differences, has a density of 1.584 g/em* at 25°C. What “head”’ (in feet) 
of CCl, would correspond to a pressure of 1 atm? 

2-19. A substance has a vapor pressure of 1000 mm Hg at a given temperature. 
What is its pressure, expressed in 

a. atm? 

b. psig, if atmospheric pressure is 14.7 psia? 

c. lb /ft?? 

d. in. H.0? 

2-20. What pressure in atmospheres is equivalent to 1 megabar? Show the con- 
version, using 


As Ra SR 


14.7 lby 
in.? 
1 dyne 
em? 
1 (g) (cm) 
sec? 
“mega”? = 108 


1 atm 





uv 


1 bar 


uv 


1 dyne ~ 


2-21. Show that the two values of R, 0.08206 (atm) (liter * 
le) (°K 
1545 (Ib/ft*) (ft*)/(Ibmole)(°R), are consistent. lic saebin gs sous 


ie Convert a diffusion or coefficient of 0.5 lb/(hr) (ft?) (atm) to g/(sec)(em?)(mm 
g). 
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2-23. The equation for pressure drop due to friction for fluids flowing in a pipe is 


_ 2fLpu? 
SOs geD 


where Ap = pressure drop, lb;/ft? 


u = velocity, ft/sec 

L = length of tube 

p = density of fluid 

gc = a constant, 32.17 (ft) (Ibm) /(sec?) (lb,) 
D = diameter of pipe 


What are the units of the “friction factor” f? Use convenient engineering units 


for 
2 
a 
b 
c 
d 
e 

for 
2 
a 
b 
c 


d 
2 


L, p, u, and D. 

-24. How many grammoles of nitrogen are present in 100 liters at these conditions? 
. O°C and 1 atm? 

. O°F and 1 atm? 

. 100°C and 10 mm Hg? 

- 100°F and 100 psia? 

. Are the answers in a, b, c, and d changed if any other perfect gas is substituted 
nitrogen? 

-25. How many poundmoles of nitrogen are present in 1000 ft at these conditions: 
. O°C and 1 atm? 

. O°F and 1 atm? 

. 100°C and 10 mm Hg? 

. 100°F and 100 psia? 

-26. One hundred grams of a gas mixture is known to contain 72.48 g No, 7.34 g Oz, 


and 20.18 g COs. 


SRS nFue Fawse Ao oe 


. How many grammoles of nitrogen are there? 


How many grammoles of oxygen are there? 

. How many grammoles of CO: are there? 

. What is the total number of moles? 

What is the mole fraction of nitrogen (ratio of moles of nitrogen to total moles)? 


. What is the mole fraction of oxygen? 


What is the mole fraction of CO2? 
What is the sum of the mole fractions? 


. What is the weight fraction of nitrogen? 


What is the weight fraction of oxygen? 
What is the weight fraction of CO.? 


. What is the sum of the weight fractions? 
. Is weight fraction equal to mole fraction? 
. What is the quotient of total weight divided by number of moles? This is the 


average molecular weight. 


. What volume would the mixture occupy at 20°C and 1 atm? 
. What volume would the nitrogen alone occupy at 20°C and 1 atm? 


What volume would the oxygen alone occupy at 20°C and 1 atm? 


. What volume would the CO; alone occupy at 20°C and 1 atm? 
. What is the sum of the three pure component volumes? 
. What is the ratio of the volume of nitrogen at 20°C and 1 atm to the total 


volume at 20°C and 1 atm? 
u. Is volume fraction equal to mole fraction? 
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»v. What would be the pressure of the nitrogen at 20°C if it alone occupied the 
total volume of the mixture? 

w. What would be the pressure of the oxygen at 20°C and the total volume? 

z. What would be the pressure of the CO: at 20°C and the total volume? 

y. What is the sum of the partial pressures? 

z. What is the ratio of the partial pressure of nitrogen at 20°C and the total volume 
to the total pressure of the mixture? 

aa. Is pressure fraction equal to mole fraction? 

bb. If the nitrogen alone were at 0°C and 1 atm, what would its volume be? 

cc. What would be the ratio of the volume of nitrogen at 0°C and 1 atm to that 
of the total mixture at 20°C and 1 atm? 

dd. Why is the answer in cc not equal to the mole fraction of nitrogen in the original 
mixture? 

ee. What would be the pressure of the nitrogen alone at the total volume of the 
mixture as determined above and 0°C? 

ff. What is the ratio of the pressure of nitrogen at 0°C and the total volume to the 
pressure of the mixture at 20°C and 1 atm? 

gg. Why is the answer in ff not equal to the mole fraction of nitrogen in the original 
mixture? 

2-27. Fifty cubic feet of oxygen at 14.7 psig and O°F is mixed with 21 lb of nitrogen 
at 20°C and 740 mm Hg, and the resulting mixture is brought to 10°C and 1 atm. 
What is the partial pressure of oxygen (in atm) in the final mixture? 

2-28. The gases flowing through a pipe contain 4% O2 by volume. The rate of 
flow is 1000 ft’/min. It is desired to increase the oxygen content so that the gases 
leaving the pipe will contain 8% by volume. 

a. Calculate the rate of addition of pure oxygen to the mixture. 

b. If the change in composition is caused by adding air (21 %v O2, 79% Nz»), what is 
the rate of addition of air? 

c. With the data available, what must be assumed in making the above calcu- 
lations? 

2-29. A mixture of nitrogen and CO, at 30°C and 2 atm has an average molecular 
weight of 31. 

a. What is the partial pressure of the nitrogen? 

b. What is the volume of 10 lb of the mixture? 

2-30. In some industries conditions other than 1 atm pressure and 0°C are chosen 
as ‘“‘standard conditions” for gas mixtures. These are sometimes referred to as 
“commercial standard conditions” or “industrial standard conditions.’’ One such 
set of conditions is 60°F, 30 in. Hg, with the gas saturated with water vapor. What is 
the “standard molar volume”’ (volume to contain 1 lbmole of dry gas) under these 
conditions? 

2-31. One hundred pounds per hour of an organic ester of formula C,,H;,02 is 
being hydrogenated to CisH:s02, The process runs continuously. The company 
purchases its hydrogen in cylinders of 10-ft? capacity, and the pressure initially is 
1000 psia at room temperature of 70°F. If the company buys a week’s supply of 
hydrogen at one time, 

a. How many cylinders should it order each week? 

b. What simplifying assumptions are made to solve this problem? 

2-32. Sulfur dioxide reacts with pure oxygen to form SQ;. If the reaction is 
carried out with twice as much oxygen as necessary for complete oxidation (100% 
excess) but under such low temperature and pressure that the reaction goes only 
60% to completion (based on the limiting reactant), 
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. Calculate the mole fractions of SO2, O2, and SO; in reactants and products 

. Calculate the weight fractions of the three gases in reactants and products. 

. Calculate the average molecular weights of reactants and products. 

. Calculate the partial pressures of the products if the total pressure is 2 atm. 

e. If the products were cooled to 70°F and the pressure reduced to 735 mm Hg 

what volume of gas would be obtdined from 100 lb SO.? 
2-33. Carbon dioxide dissociates, at high temperatures, according to the following 

equation: 


AXowe? 


2CO2 = 2CO + O2 


At 3000°C and 1 atm CO; is 40% dissociated. If 5 liters of CO2 at 20°C and 1 atm is 
heated to 3000°C at constant pressure, what volume of gas will result? 

2-34. Certain gases have a tendency to associate. One example, familiar to all 
physical chemists, is the equilibrium between nitrogen dioxide and nitrogen tetroxide: 


2NO2 = N20, 


In one case 26.6 ft? of NOz at 685 mm Hg and 25°C is allowed to stand at constant 
temperature and volume until equilibrium is reached, at which time the pressure is 
500 mm Hg. Calculate the partial pressure of N2O, in the final mixture. 

2-35. One hundred cubic feet of a saturated mixture of air and water vapor exists 
at 40°C and 750 mm Hg. No liquid water is present. Calculate and tabulate the 
following: 

(1) Partial pressure of water vapor (mm Hg) 

(2) Partial pressure of air 

(3) Total pressure 

(4) Final volume 

(5) Poundmoles of water vapor in the final mixture 

(6) Poundmoles of air in the final mixture 

(7) Poundmoles of water condensed 

(8) Temperature 


for each of the following cases: 


. Initial values. 

. The original mixture is heated at constant pressure to 60°C. 

. The original mixture is cooled at constant pressure to 20°C. 

. The original mixture is heated at constant volume to 60°C. 

. The original mixture is cooled at constant volume to 20°C. 

. The original mixture is expanded at constant temperature to 200 ft?. 
. The original mixture is compressed at constant temperature to 50 ft*. 


Qtiie2e Aa TR 


Data: Vapor pressures of water are 


20°C; 17.5 mm Hg 
40°C; 55.3 mm Hg 
60°C; 149 mm Hg 


2-36. Air with a moisture content of 0.02 lb H.O/Ib dry air is originally at a 
temperature of 100°F and a total pressure of latm. This air is cooled at constant 
pressure to 80°F and then compressed isothermally to 5 atm. What is the ratio of 
final to initial volume? ‘The vapor pressure of water at 100°F is 0.949 psia and at 
80°F it is 0.507 psia. 

2-37. At 153°F and 1 atm total pressure a mixture of water vapor and air (not 
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saturated) has a density of 0.0615 lb/ft®. It is compressed isothermally to 3 atm, 
and some water condenses out. The remaining saturated gas has a density of 0.1878 
Ib/ft?. Calculate the following: 

a. The vapor pressure of water in lb/in.? absolute at 153°F 

b. The pounds of water condensed from 1 lbmole of total gas initially present 

2-38. A mixture of toluene, C7Hs, and air is passed through a cooler where some 
of the toluene is condensed. One thousand cubic feet of gases enters the cooler per 
hour at a temperature of 100°C and a pressure of 100 mm Hg gauge. The partial 
pressure of toluene in this mixture is 300 mm Hg. Seven hundred and twenty cubic 
feet of gas mixture leaves the cooler per hour at a barometric pressure of 740 mm Hg 
and a temperature of 50°C. Calculate the pounds of toluene removed per hour in 
the cooler. 

2-39. Air enters 3 compressor at 1 atm pressure containing 0.01 mole H.O/mole 
dry air. The air leaving the compressor is at 100 atm and the initial temperature. 
At the initial temperature and 1 atm pressure, air can contain a maximum of 0.02 mole 
H:.0/mole dry air. How many pounds of water are condensed in the compressor 
per mole of dry air passing through? 

2-40. A producer gas, having an Orsat analysis of 6.6%v COs, 20.8% CO, 0.6% Os, 
11.4% Ho, 1.9% CHy, and the rest No, enters a compressor and cooler at a pressure of 
735 mm Hg and a temperature of 250°F. The partial pressure of water in this gas is 
200 mm Hg. The gas is compressed and cooled for storage to 150 psia and 70°F. 
On the basis of 100 lbmole of dry gas entering, how many pounds of liquid water are 
condensed out in this operation? 

2-41. Propane, C;Hs, is burned with 60% excess air. All the hydrogen burns. 
Eighty per cent of the carbon burns to CO2 and 20% to CO. Calculate the following: 

a. The volumetric (wet) analysis of the exit gases 

b. The Orsat analysis of the exit gases 

2-42. An analyst attempts to analyze air (79%v No, 21% O:2) with an Orsat 
apparatus containing Hg and does not add a drop of H:O above the Hg to saturate 
the sample. At the temperature of the experiment the vapor pressure of water is 
1,422 in. Hg. The original sample contains 4.5%v H:O, which is not sufficient for 
saturation. Barometric pressure is 720 mm Hg. In the analysis, oxygen is absorbed 
first, and the remaining gas is nitrogen. At any point in the analysis when the con- 
centration of water vapor exceeds the saturation value, the excess water will condense. 
What analysis is obtained in this case? 

2-43. At 43°C, benzene, CeHs, exerts a vapor pressure of 200 mm Hg. If a mix- 
ture of 20%m CeH, in nitrogen at 43°C and 800 mm Hg is isothermally compressed 
until the final gaseous volume is 20% of the original volume, what weight of C.H, is 
condensed from each 1000 ft* of original mixture? 

2-44. Methane burns to form CO, and H20. If 1 Ibmole of CH, is burned with 
pure oxygen, an excess of 10% Oz above that for complete combustion being sup- 
plied, and the resulting gas mixture is cooled and thoroughly dried, calculate the 
following: 

a. Volume of dry exit gas at 70°F and 750 mm Hg 

b. Partial pressure of oxygen in the mixture of dry products 

c. Weight of water removed in drying 

2-45. Pure methane is completely burned with air. The outlet gases from the 
burner, which contain no oxygen, are passed through a cooler where some of the 
water is removed. In the gases leaving the cooler, the mole fraction of nitrogen is 
0.8335. Calculate the following: 


a. The analysis of the gases leaving the cooler (%m CO:, H:0, N3). 
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b. The pounds of HO condensed /mole CH, burned. 

c. Average molecular weight of the gases leaving the cooler. 
are at 130°F and 20 psia, 

d. What are the partial pressures of the components? 

e. What are the partial volumes per mole of CH,? 

f. To what temperature can the gas be cooled at constant pressure before more 
condensation will occur? 


g. To what pressure can the gas be compressed at constant temperature before 
more condensation will occur? 


If the cooler gases 


Chapter 3 


MATERIAL BALANCES 


In the early part of the seventeenth century many learned men believed 
that earth, mercury, sulfur, and salt were the elements of which all matter 
was composed. A certain Belgian physician, Jan Baptista Van Helmont, 
took issue with this belief. He planted a 5-lb willow tree in 200 lb of 
earth, watered it for 5 years, then weighed the tree and the earth sepa- 
rately. The weight of the earth had not changed, but the tree had 
gained 164 lb. He concluded that water, not earth, was an element, 
since it, and not earth, had been transformed into the substance of the 
tree. This was a commendable approach, for a time when men pre- 
ferred to philosophize rather than to experiment. It is one of the earliest 
applications of a theory which was later known as the law of conservation 
of mass. The law stated that matter could not be created or destroyed. 
This idea was so universal that no attempt was made to prove it; it was 
simply taken for granted. On the first occasion when it could have been 
doubted, no one thought to dispute it but simply explained the facts in 
a way which left the law inviolate. This occasion arose in connection 
with the phlogiston theory, proposed by Georg Ernst Stahl before the 
year 1700. The phlogiston theory stated that all combustible substances 
possessed one component in common which escaped in the act of burning. 
Stahl named the component “phlogiston,”’ meaning “fire substance.” 
When it was pointed out that the calx (oxide) of a metal weighed more 
than the original metal, Stahl concluded that phlogiston had a negative 
weight, as evidenced by its upward flight during combustion. 

In spite of the fact that the ethereal, illusive phlogiston was the only 
known example of negative weight, the theory flourished for nearly one 
hundred years, until Antoine Laurent Lavoisier made the first completely 
rigorous application of the law of conservation of mass to a chemical 
reaction. In 1789, he sealed a quantity of tin into an air-filled glass 
vessel and heated the system until the calx was formed. He noted that 
air rushed in when the seal was broken. The increase in weight of the 
entire system was exactly equal to the increase in weight of the tin, and 
he therefore concluded that the metal had combined with part of the air. 
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The phlogiston theory and the concept of negative weight were forever 
discredited. His work paved the way for quantitative analysis and the 
chemical equation. 

The law of conservation of mass was accepted as self-evident until 
recent times, when Albert Einstein showed the relationship between 
matter and energy and indicated that a decrease in mass did indeed occur 
when a chemical reaction evolved energy. To be exact, we should state 
that a chemical reaction follows the law of conservation of mass and energy. 

For all “ordinary” processes (exclusive of nuclear reactions) the change 
in mass is negligible, and a mass (or “material’”’) balance may be written. 
The equation for material balance is 


Input — output = accumulation 


It may be written for the total material involved, for any compound 
whose quantity is not changed by chemical reaction, and for any chemi- 
cal element whether or not it has participated in a chemical reaction. 
It may be written for one piece of equipment, or ‘‘around”’ several pieces 
of equipment, or around an entire process. It may be used to calculate 
an unknown quantity directly, to check the validity of experimental data, 
or to express one or more of the independent relationships between the 
unknown quantities in a particular problem situation. 

For material-balance purposes, industrial processes may be classified 
as steady- or unsteady-state processes and as batch or continuous proc- 
esses. (The chemical engineer also classifies them as unit processes 
and unit operations for reasons which will be discussed in subsequent 
chapters.) 

A steady-state process is one in which there is no change in conditions 
(pressure, temperature, composition) or rates of flow with time at any 
given point in the system. All other processes are unsteady-state. 

In a batch process, a given quantity of reactants is placed in a con- 
tainer, and by chemical and/or physical means, a change is made to occur. 
At the end, the container, or adjacent ones to which material may have 
been transferred, holds the product or products. All batch processes are 
unsteady-state. 

In a continuous process, reactants are continuously fed to a piece of 
equipment or to several pieces in series, and products are continuously 
removed from one or more points. 

A continuous process may or may not be steady-state. A power plant, 
for example, operates continuously. However, because of the wide vari- 
ation in power demand between peak and slack periods, there is an equally 
wide variation in the rate at which the coal is fired. For this reason, 
power-plant problems require the use of average data over long periods 


of time. 
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Many chemical-engineering processes may be assumed to be steady- 
state (and continuous). If they are truly steady-state, the instantaneous 
values of flow rates, compositions, etc., are used in problem solution. In 
these problems there is no seoamalationt in any piece of equipment, and 
the law of conservation of matter is written as 


Input = output 


The rest of this chapter illustrates the use of the material balance. 
The suggested steps for problem solution, mentioned briefly in Chap. 1, 
are elaborated and listed here. Refer to the list frequently. It is sup- 
posed to be habit-forming. 

1. Read the entire problem carefully. 

2. Draw a picture of the equipment, indicating all streams of material 
which enter and leave. Any piece of equipment may be represented 
merely as a box or enclosure, since the actual physical shape has no 
bearing on the calculations. Streams which do not cross an imaginary 
surface surrounding the equipment need not be shown. This would 
apply to some streams between intermediate pieces of equipment when 
the material balance is being made around several pieces of equipment 
combined. 

3. Label all pieces of equipment and streams of importance with the 
data pertaining to them. Include pressure, temperature, composition, 
rates of flow, etc. Do not feel, however, that every item of data must 
be used. Extraneous data are frequently available. 

4. Consider the entire problem, and decide what quantities will have 
to be calculated in order to achieve the final solution. 

5. Choose the basis or bases. 

6. Write any chemical equations necessary. 

7. Solve the problem, using complete units and labels. 

8. Check the answer qualitatively as indicated in the section on 
qualitative considerations in Chap. 1. 

Basis: Quantities may not be added or subtracted unless they are on 
the same basis. In a particular problem, different bases may be chosen 
for various parts of the calculations. A basis serves only to establish 
equivalent amounts of material; it does not ‘permit’ or “forbid” a 
problem solution. However, the difficulty of the problem often depends 
upon the basis chosen, and therefore the choice should not be made 
arbitrarily. The following example shows that the character of the 
solution is influenced by the basis. 

Example 3-1. One ton of a 25%w solution of NaNOsis concentrated 
to saturation at 100°C by evaporation. The solution is then cooled to 
20°C. The crystals of NaNO; are removed by filtration. One-tenth 
pound of solution adheres to each pound of crystals. When the crystals 
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are dried, the NaNO; in the adhering solution is deposited on the crystals. 
The solubility of NaNO; is 1.76 lb/lb H2O at 100°C and 0.88 lb/lb HO 
at 20°C. Calculate (a) the amount of water evaporated to achieve satu- 
ration at 100°C and (6) the total weight of NaNO; obtained. Do the 
calculation using a basis of 1 ton of original solution and then repeat 
using a basis of 100 lb of water evaporated for part a and a basis of 
100 lb of NaNO; obtained for part b. 

Solution 1 

a. Amount of water evaporated in concentrating to saturation at 100°C 

Basis: 1 ton of original solution 


25 lb NaNO; 
100 lb orig 3) tS 


2.76 lb “100°C soln”’ fee st 


2000 — 784 = 1216 lb H.O evap 


(2000 lb orig soln) ( 


b. Total weight of NaNO; obtained 
Basis: 1 ton of original solution. Since the solubility of NaNO; at 
20°C is one-half that at 100°C, 250 lb of crystals form. 


0.1 Ib “20°C soln) ( 0.88 lb NaNO; ) 
lb crystals 1.88 lb ‘20°C soln” 
= 11.7 lb NaNO; in adhering soln 
250 + 11.7 = 261.7 lb NaNO; obtained 


(250 lb crystals) ( 


Solution 2 

a. Amount of water evaporated in concentrating to saturation at 100°C 

Basis: 100 lb H.O evaporated. Let x = amount of NaNO; in original 
solution per 100 lb of H.O evaporated. 


eee) = 4r lb orig soln 
4x + 100 = lb “100°C soln” 
x er yee lb NaNO; 
4x — 100 2.76 lb “100°C soln” 
x = 41.2 lb NaNO; 
(4) (41.2) 164.8 lb orig soln 


100 Ib HzO evap) _ 
164.8 lb orig vee = 1216 Ib H:0 evap 


(x lb NaNOs) ( 











(2000 lb orig soln) ( 


b. Total weight of NaNO; obtained 
Basis: 100 lb of NaNO; obtained. Let « = weight of crystals at 20°C 
per 100 lb of NaNO; obtained. 
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0.1 Ib “20°C a ( 0.88 lb NaNO; ) 
lb crystals 1.88 lb ‘620°C soln” 
= (100 — z) lb NaNO; in adhering soln 
xz = 95.5 lb crystals - 


(x lb crystals) ( 


Since the solubility of NaNO; at 100°C is twice that at 20°C, the 
crystals must have formed from an amount of “100°C soln” that con- 
tained 191 lb of NaNOs: 


100 lb orig no) 
25 lb NaNO; 
= 764 lb of orig soln contained 191 lb of NaNO; 


: 100 lb NaNO; obtained\ _ : 
(200 lb orig soln) ae) = 262 lb NaNO; obtained 


(191 lb NaNOs) ( 


This is the same answer (to slide-rule accuracy) as in Solution 1. 


KEY COMPONENT 


The primary task in preparing a material balance is to develop the 
quantitative relationships between the streams. The primary factors, 
therefore, are those which “tie” the streams together. An element, 
compound, or unreactive mass (like the ash in a coal furnace) that 
enters or leaves in a single stream is so convenient for this purpose 
that it may be considered a “key” to the calculations. In this text we 
refer to such a material as a key component. 

Example 3-2. A gas mixture containing 25%v CO: and 75%v NH; is 
being scrubbed with an acid solution to remove the ammonia. The 
resulting gas mixture contains 37.5%v NH;. What percentage of the 
original ammonia has been removed, assuming that the CO, remains 
unaffected and that no part of the acid solution vaporizes? 

Solution 


Inlet gas 


25% COp 
75% NH; 


Outlet gas 
375% NH; 


Scrubber 





Basis: 100 mole of inlet gas. The 25 mole of CO: passes through the 
process unabsorbed and leaves in the exit gas stream. The CO, is a key 
component for obtaining equivalent quantities of inlet and outlet gases. 
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Since the CO, is 62.5%m of the outlet gas, there must be 


- 37.5 mole NH; leaving\ _ ; 
(25 mole CO2) (FS mole Ne tearing) = 15 mole NH; leaving 


and 75 — 15 = 60 mole of NH; absorbed 
(6945)(100) = 80% of NH; absorbed 


SIMULTANEOUS EQUATIONS 


There are two distinctly different ways to solve algebraic problems. 
The first way is to write an equation involving only one unknown quan- 
tity, solve it, use the answer in writing an equation involving the next 
unknown quantity, solve it, and repeat the procedure until all unknowns 
have been calculated. Each succeeding equation, as it brings in one 
more unknown, also expresses one more problem fact or relationship. 
In the step-by-step procedure of this “‘consecutive-equation” approach, 
the calculator follows a definite path of his own devising. In this 
approach he is particularly helped by recognizing key components. 

By contrast, it is often possible (and sometimes necessary) to write a 
sufficient number of independent simultaneous equations and solve them 
in any order. In this case also, the total number of equations must 
equal the total number of unknowns. 

Example 3-3. One hundred mole per hour of a 40%m solution of 
ethylene dichloride in toluene is fed into the middle of a distillation 
column. There is no net accumulation in the column; 100 mole/hr of 
total material leaves in two streams, an overhead or “‘distillate”’ stream 
anda ‘‘bottoms’’ stream. The distillate stream contains 95 %m ethylene 
dichloride and the bottoms stream contains 10%m ethylene dichloride. 
What is the rate of flow of each stream? 

Solution. x refers to the mole fraction of ethylene dichloride in the 


Xp 












D moles of 
distillate / hr 


F moles of 
feed /hr 


8 moles of 
bottom /hr 


particular stream. 
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A total material balance (in moles) gives 
F=D+B 
and an ethylene dichloride balance (in moles) gives 
Far = Dap + Baz 
Substituting the known values, 


100 = D+ B 
and (100)(0.40) = (D)(0.95) + (B)(0.10) 


Solving simultaneously, D = 35.3 mole/hr and B = 64.7 mole/hr. 
We could also have written a toluene balance: 


(0.60)(100) = 0.05D + 0.90B 


Note that any one of the three equations can be derived from the other 
two. Therefore there are only two independent equations. 

The simultaneous-equation approach has always had a great appeal 
for students since it seems much easier simply to write equations until a 
sufficient number have been accumulated than it does to plan a step- 
by-step solution. This opinion leads students to start a problem by first 
writing as many equations as possible. If this is done without a real 
analysis of the problem, extraneous quantities of no significance may be 
introduced. The fact is that simultaneous equations are not a panacea 
for problem solvers; they are essential in many problems but when they 
are not essential they offer no particular advantage. Following is an 
example of what might occur if the ‘‘blind-faith’? method of writing 
equations indiscriminately were employed. 

Example 3-4. Pure methane (CHy,) is burned with dry air, and the 
resulting gaseous mixture is passed through an apparatus which removes 
most of the water vapor by condensing it to liquid water. The remain- 
ing gas is analyzed by the Orsat method and found to contain 8.21 %m 
CO», 0.91% CO, 5.02% Os, and 85.86% Ne. How many poundmoles of 
dry air were used per poundmole of CH,4? 

Solution Attempt 


Dry air 





Flue gas 
2 Final gas 


Basis: 100 mole of air. Let B = mole of CHy, F = mole condensed 
H,0, and G = mole final gas. 


Condenser 


FY H,0 


MATERIAL BALANCES 69 


Nitrogen balance: 


79 mole N:) 


a ee) (2 mole air 


tA y mole N» 
(G mole final gas) (epeene 2 unknowns 


Carbon balance: 


(B mole CH,) ( 1 mole ¢) 


mole CH, 


a: zx mole C 
= (G mole final gas) lees) 4 unknowns 


Oxygen balance: 


(100 mole air) (Amos On | = (F mole H.0) err 5) 





100 mole air “mole H.O 


z mole O, 
+ (G mole final gas) (fmol Oe) 6 unknowns 


Hydrogen balance: 





2 mole H.\ _ 1 mole Hz 
(B mole CH,) (2m) = (F mole H.O) (ine Es) 
w mole H, 


+ (G mole final gas) ( 
Total material balance: 


28.9 lb air 
mole air 


= (F mole H,O) ( 


mole final 2) ee 


(100 mole air) ( 


) + (B mole CH,) (8 a ou) 


mole CH, 
18 lb HO 
mole H.O 


v lb final gas 
mole final gas 


+ (G mole final gas) ( ) 8 unknowns 


At this point we might continue to try to find relationships to express as 
equations, or we might try to analyze the problem more carefully. The 
proper approach is to analyze the problem first. In this case an analysis 
would show that the water cannot be tied down by the information given 
and that it should be excluded from any equations. We might then have 
let G be the moles of dry final gas and written the equations as follows: 


Nitrogen balance: 


79 mole x) 


(100 mole air) (Fe mote Ne 


85.86 mole N2 ) 


= (G mole dry final gas) eae 


Solving, G = 92 mole dry final gas 
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Carbon balance: 





1 mole C 
(B mole CH,) eS ee) 
(8.21 + 0.91) mole °) 
= (92 mole dry final gas) (G2, +05) melee 
Solving, B = 8.39 mole CH, 


100 _ 11.92 mole air 


and 830 mole CH, 


It may, of course, happen that an indiscriminate approach might lead 
to a solution. For example, we might have noticed after writing the 
first nitrogen and carbon balances that we could divide one into the other 
and solve the problem since the ratio of mole N2:mole C is known from 
the Orsat analysis. But we should have failed to gain an appreciation 
of the roles of nitrogen and carbon as key components. Such an appreci- 
ation would be valuable in other problems. 


BYPASS AND RECYCLE 


Two important processing concepts are bypass and recycle. We may 
illustrate them with a diagram (see Fig. 3-1). 


Side stream (C) 










Fresh inlet 


Final outlet 
stream 


stream 









Process 
equipment 


Fia. 3-1. Complex stream flow. 


With bypass, part of the inlet stream is diverted around the equip- 
ment. This stream moves in parallel with the stream passing through 
the equipment. Streams A, B, and C are of the same composition. 
Streams C and D are mixed to form E. Care must be taken to dis- 
tinguish between the outlet stream from the process equipment D and 
the final outlet stream EZ. 

In recycle, part of the product stream is sent back to mix with the 
fresh feed. In this case, streams C, D, and E are of the same compo- 
sition. Stream A, called the “fresh feed,” and the recycle stream C are 
mixed to form the mixed feed B. 

Bypass is sometimes used in cases where it is desired to make a rela- 
tively small change in a stream of feed. From the control standpoint, 
it may be much easier to make a large change in a small portion of the 
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feed and then to remix this with the portion of the feed which has not 
been processed. Such a case is illustrated in the example below. 

Example 3-5. Air at 110°F, saturated with water vapor, is to be 
dehumidified. Part of the air is sent through a unit where it is cooled 
and some water condensed. This air leaves the unit saturated at 60°F. 
It is then remixed with the air which bypassed the unit. The final air 
contains 0.02 lb water vapor/lb dry air. The vapor pressure of water 
at 110°F is 1.2748 psia; at 60°F it is 0.2563 psia. The total pressure is 
14.7 psia. Calculate the following: 

a. The pounds of water vapor per pound of dry air for the original air 
(saturated at 110°F) 

b. The pounds of water vapor per pound of dry air for the air from the 
dehumidifier (saturated at 60°F) 

c. The ratio of pounds of dry air bypassed to pounds of dry air sent 
through the dehumidifier 

On the basis of 10,000 ft* of original wet air/hr, calculate 

d. The volume of wet air sent to the dehumidifier 

e. The volume of wet air bypassed 

f. The volume of wet air leaving the dehumidifier 

g. The pounds of water condensed in the dehumidifier 

h. The volume of final air, assuming it is reheated to 110°F 

Solution 







0.02 Ib H2O vapor /Ib dry air 


Py = 0.2565 


a. lb H.O/Ib dry air for original air 


1.2748 mole HO ) (3 lb 72) (mee dry =) 
(14.7 — 1.2748) mole dry air/ \mole H:0/ \29 lb dry air 
0.059 lb H,0 
lb dry air 


b. lb H.O/Ib dry air for outlet air from unit 


0.2563 ) _ 0.011 lb HO 
14.7 — 0.2563/ \29/ ~—S Ib dry air 


c. lb dry air bypassed/lb dry air through wae 
Basis: 1 \b dry air to dehumidifier. Let x = lb dry air in bypass 


stream, 
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Water vapor in “through” air + water vapor in bypassed air 


= water vapor in final air 
(1)(0.011) + (x)(0.059) = (1 + 2)(0.02) 
= 0.231 
d. Ft® wet air to unit 
Basis: 10,000 ft* original air/hr 


(10,000 ft?) Ee (fraction to unit) = 8124 ft? 
e. Ft? wet air bypassed 


10,000 — 8124 = 1876 ft? 
f. Ft® wet air leaving dehumidifier 


aay. lbmole 
| (10,000 ft® orig ain) (4967) [ct at SC) (Re as) 


= 24.04 mole orig wet air 
(24.04 mole wet air) Gas mole ay 


14.7 mole wet air 


= 2.085 mole H,0O in orig wet air 
24.04 — 2.085 = 21.95 mole total dry air 
(21.95) ( 1 mole dry air to unit ) 


1.231 mole total dry air 17.84 mole dry air to unit 
(17.84 mole dry air) ( 0.2563 mole H.O 


(14.7 —-0.2563) mole dry 24) 
= 0.3165 mole H,O leaving unit 
17.84 +- 0.3165 = 18.16 mole wet air leaving unit 
and [(18.16)(359)](52%o2) = 6890 ft? 
g. |b H2,O condensed 





Therefore 


a) = 1.694 mole H.O to unit 


1.694 — 0.317 = 1.377 mole HO condensed 
(1.377) (18) = 24.8 lb H.O condensed 
h. Ft? final air 


24.04 total mole air — 1.38 mole H.O condensed 


(2.085 total mole H.O vapor) ( 


= 22.66 mole final mixture 
[(22.66) (359)](57%og0) = 9425 ft? 


Recycle. The recycle principle may be used for many different rea- 
sons. For example, 


The unreacted materials leaving an industrial reactor are usually sepa- 
rated from, the effluent stream and returned. 
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The top vapor from a distillation column is condensed, and usually 
part of it is returned to the top of the column. This particular recycle 
is called reflux. 

One method of controlling temperature at a particular point in a proc- 
ess is to recycle part of the stream through a heat exchanger. 

In a drying operation, part of the humid air may be recycled and 
mixed with fresh feed air. This is usually done to reduce the rate of 
drying when the material being dried must dry slowly. Try the following 
example. 

Example 3-6. A solid material with 15%w H:;0O is dried to 7%w H.O 
under the following conditions: Fresh air is mixed with recycled air and is 
blown over the solid. The fresh air contains 0.01 lb H.O/lb dry air and 
the recycled air, which is part of the air leaving the drier, contains 
0.1 1b H,O/lb dry air. The proportions of fresh and recycled air are 
adjusted so that the mixture entering the drier contains 0.03 lb H.O/lb 
dry air. 

a. How many pounds of water are removed from 100 lb of wet material 
fed to the drier? 

b. How many pounds of dry air are in the fresh-air feed per 100 lb 
of wet material? 

c. How many pounds of dry air are recycled per 100 lb of wet material? 

d. Draw a diagram of the process, indicating the amounts of materials 
in each stream per 100 lb of wet material. 

Solution 

Basis: 100 lb wet material processed 

a. lb H.O removed. Let x = lb final material. 


(100 lb orig material) ( sail ices A ) 


100 lb orig material 





93 lb dry solid 
=i ieap. anal maperal) (ia lb final seid) 
xz = 91.40 lb 


Therefore, 100 — 91.40 = 8.60 lb H.O removed 


b. lb dry air in fresh-air feed. The amount recycled does not enter 
into this calculation. The pounds of dry-air feed equals the pounds of 
dry air leaving. 








0.10lbH,O — 0.01lbH,O _ 0.09 lb HO removed 
lb dry air leaving |b fresh dry air lb fresh dry air 
Ib d i . ‘ 
and (8.60 lb H2O) (pare) = 95.6 lb fresh dry air 


c. lb recycled dry air. Let x = lb recycled dry air/lb fresh dry air. 
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0.01 lb HO 0.1 lb H,O ) ( lb recycled dry a 
lb fresh dry air lb recycled dry air lb fresh dry air 


% 0.03 lb HO (1 + x) lb mixed dry a 
~ \db mixed dry air lb fresh dry air 
xz = 0.286 


and 
(95.6 lb fresh dry air)(0.286) = 27.34 lb recycled dry air 


d. Diagram 





85 |b solid 
{5 Ib water 








27.34 Ib dry air 
2.734 |b HO vapor 









122.94 Ib dry air 956 Ib dry air 
12.29 Ib HO vapor 9.56 Ib Hy O vapor 


95.6 Ib dry air 122.94 Ib dry air 
0.956 |b HO vapor 3.69 Ib H, O vapor 


85 Ib solid 
6.4 |b water 


Recycle in connection with a reactor is much more challenging than 
the type shown above. The progressive examples below give an indica- 
tion of the complications that may be encountered. 

Example 3-7. Two pure organic chemicals A and B are introduced 


@® Contains unreacted A 







Moke-up A 


0) 


Make-up 2 


@ 


into the apparatus shown in the figure for the purpose of making the com- 
pound AB. Stream flows are adjusted so that the mole ratio of A to B 
in the reactor is 4:1. At the temperature and pressure employed, this 
mole ratio effects complete consumption of B. N inety per cent of the B 
forms AB, the desired product. The remainder forms AB, a useless 
by-product. A2B is incapable of further reaction. The effluent stream 
from the reactor is cooled to 20°C, at which temperature A and AB are 
completely immiscible. A»B, however, is solublein A andin AB. The 


separator 





Contains AB 





, MATERIAL BALANCES 75 
distribution coefficient is 


where Cag = mole A2B/mole AB and C4 = mole A2B/mole A. 
Calculate the amount of all materials flowing in each numbered stream, 
per 100 mole of desired product AB in stream 4. 
Solution 
Basis: 100 mole B reacted 
A+B-— AB 


Ninety mole B reacts with 90 mole A to give 90 mole AB. 
2A + B— AoB 
Ten mole B reacts with 20 mole A to give 10 mole A.B. 
90 + 20 = 110 mole A reacts 
Basis: 100 mole AB produced 


Stream 1: 
110 mole A 
Gees (100 mole AB) = 122 mole A 
Stream 2: 
100 mole B 
(een a) (100 mole AB) = 111 mole B 


The only place that A2B can leave the process is with AB. After 
start-up, the recycle stream will constantly change composition until 
the steady state has been reached. Under steady-state conditions 
10 mole A2B must leave with every 90 mole AB, or 





Stream 4: 
10 mole A2B * 
(mse 428) (100 mole AB) = 11 mole A2B 
The concentration of stream 3 is that in equilibrium with stream 4, and 
Caz _ 11/100 mn 
Ca a Gy 
c, = i mole AB 
4 ~ 600 mole A 


The amount of A is determined by the 4:1 mole ratio requirement. 
Since 122 mole A is supplied per 111 mole B, 444 — 122 = 322 mole of A 
must be in the recycle stream. 


Stream 3: 


322 mole A and (116 90) (322) 
= 5.88 mole A2B per 100 mole AB in stream 4 
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Example 3-8. Suppose that the system in Example 3-7 is complicated 
by the fact that AB is soluble to some extent in A. If the AB is allowed 
to recycle, it will react with A to form A2B. Suppose further that we 
believe that the cost of recovering AB from stream 3 would be prohibitive, 
and we desire to calculate stream compositions if dissolved AB is allowed 
to recycle. The solubility of AB in A is 2 mole/100 mole A and is unaf- 
fected by the presence of A.B. The distribution coefficient of A2B is 
unaffected by the presence of dissolved AB in the A phase, and Caz/Ca4 
= 6 when the concentrations are defined exactly as before. Assume 
that all AB entering the reactor is converted to A2B, and calculate 
stream flows per 100 mole of AB in stream 4. 

Solution 

Basis: 100 mole A in the recycle stream. Let x = mole A in stream 1. 
Since the ratio of A to B entering the reactor is 4:1, 


— = mole B in stream 2 


There is 2 mole AB entering the reactor, and this forms 2 mole A2B. 
(r=) (0.9) = mole AB formed from B 


and (aes) (0.1) = mole A2B formed from B 


(0.9)[(100 + 2z)/4] mole A was consumed to form AB from B and 
(0.1)[(100 + x)/4] 2 mole A was consumed to form AB from B. In 
addition, 2 mole A reacted with the 2 mole of AB in the recycle stream. 
Since no A leaves in stream 4, all of the “make-up” A in stream 1 must 
be consumed. Therefore, 


x = 2+ (0.9) (2 a ") + (0.2) (+2) 





4 4 
Solving, x = 40.7 mole A in stream 1 
140.7 , 
29 6 35.2 mole B in stream 2 


The only AB leaving the reactor is that made from entering B, and 
(0.9) (35.2) = 31.68 mole AB enters the phase separator. Therefore 
29.68 mole AB leaves in stream 4, and 2 mole AB recycles. 

The A2B will build up in the recycle stream until the amount leaving in 
stream 4 equals the amount formed in the reactor. 


(35.2 mole B) (Geos eee 


Molen ) = 3.52 mole AB 


3.52 + 2 mole A.B made from AB = 5.52 mole A2B made in the 
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reactor and leaving in stream 4. The concentration of A.B in stream 4 is 
5.52 mole A,B/29.68 mole AB. The concentration of A.B in stream 3 is 
one-sixth of this and 


5.52 mole AB 
(ae (100 mole A) = 3.09 mole AB in stream 3 


All the above values are on the basis of 100 mole A in the recycle 
stream. ‘This corresponds to 29.68 mole AB in the product stream. All 
the answers must be multiplied by 100/29.68, or 3.37, to put them on the 
required basis of 100 mole AB produced. 


Stream 1: (40.7) (3.37) = 137.2 mole A 
Stream 2: (35.2)(3.37) = 118.6 mole B 
Stream 3: (100) (3.37) = 337 mole A 


(2)(3.87) = 6.74 mole AB 
(3.09) (3.37) = 10.40 mole A.B 

Stream 4: (29.68) (3.37) = 100 mole AB 
(5.52) (3.37) = 18.60 mole A2B 


As a check, 100 + 18.60 = 118.6 mole B leaves in stream 4, and 118.6 
mole B enters in stream 1. 

100 + (2)(18.6) = 137.2 mole A leaves in stream 4, and 137.2 mole A 
enters in stream 1. 


Also, 337 + 137.2 
and (4) (118.6) 


so that the ratio of A:B entering the reactor is 4:1. 

Now add the complications that B does not react completely and must 
be later removed from AB and recycled, that the reaction forms other 
products which distribute between the layers and react when they are 
repassed through the reactor, and that the distribution coefficients and 
solubilities are affected by the presence of other compounds, and you 
begin to appreciate a real industrial problem. In most cases a phase 
separation cannot be used, and the reactor effluent must be passed 
through a chain of processing equipment. In that event, the recycle 
streams originate at one or more points farther downstream from the 
reactor. 


474 
474 


ll 


PROBLEMS 


3-1. Pure oxygen is mixed with air to produce an “enriched air’’ containing 50%m 
Oy. What ratio of oxygen to air should be used? 

3-2. A mixture of NaOH, NaCl, and MgCl, contains 34.6 %w chloride and 20.0%w 
hydroxide, i.e., 34.6% Cl and 20.0% OH. What are the weight and mole fractions of 
NaOH, NaCl, and MgCl, in the mixture? 
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3-3. Water is being pumped under pressure to a process. It is desired to add a 
salt to this water in order that the solution fed to the process be exactly 4%w salt. 
Because of the difficulty of metering a solid into a fluid stream under pressure, the 
following procedure is to be used: Part of the entering water is bypassed through a 
large container of the solid salt, where it becomes saturated. This saturated stream 
is mixed with the pure water to form the 4% solution. If the saturated solution is 
17 %w, what percentage of the water stream must be bypassed through the saturator? 
If two identical rate meters are used, one in the portion of the water which is not 
bypassed and one in the stream which is bypassed, what must be the ratio of the read- 
ing on one meter to that on the other? 

3-4. Two process streams are mixed to form a single stream. Only the flow in the 
mixed stream is known. A soluble salt is added to one of the original streams at a 
steady rate. Samples taken of this stream show it to be 4.76%w salt. Samples 
from the combined stream show 0.62%w salt. What is the ratio of the flows in the 
two original streams? 

8-5. Calculate the weight rate of flow in lb/hr of NH; through a pipe from the 
following data: A stream of pure oxygen is admitted to the NH; line at a rate of 
40 ft?/min, and the resulting mixture is sampled farther along the pipe and found to 
contain 10%v Oz. The entering oxygen is metered at 18 psia and 85°F. 
~ 3-6. A mixed acid containing 65%w H.SO,, 20% HNOs;, and 15% H.O is to be 
made by blending the following liquids: 

a. A spent acid containing 10% HNOs;, 60% H:SO,, and 30% HO 

b. A concentrated nitric acid containing 99% HNO; and 10% H:0 

c. Concentrated sulfuric acid containing 95% H.SO, and 5% HO 
How many pounds of each of the three must be used to obtain 1000 lb of mixed acid? 

3-7. A mixed acid containing 65%w H.SO., 20% HNOs;, and 15% HO is to be 
made by blending the following liquids: 

a. A spent acid containing 10% HNOs;, 60% H.SO,, and 30% H.O 

b. A concentrated nitric acid containing 90% HNO; and 10% H,0 

c. 20% oleum (80% H.SO, and 20% SOs) 

How many pounds of each of the three acids must be used to obtain 1000 lb of mixed 
acid? 

3-8. The waste acid from a nitration operation contains 23 %w HNOs;, 57% H2SO,, 
and 20% H.,O. It is specified that the concentrated acid product should contain 
27% HNO:;, 60% H.SO,, and 13% H20. If the H.SO, available contains (REA ® 
and the HNO; contains 10% H20, how many pounds of each must be added to pro- 
duce 1000 lb of product? 

3-9. Two engineers are calculating the average molecular weight of a gas mixture 
containing oxygen and other gases. One of them, using the correct molecular weight 
of 32 for oxygen, determines the average molecular weight correctly as 39.2. The 
other, using an incorrect value of 16, determines the average molecular weight as 32.8. 
This is the only error in his calculations. What is the percentage of oxygen in the 
mixture expressed as %m? 

3-10. A mixture of phenol and water, under certain conditions of temperature and 
composition, forms two separate liquid phases, one rich in phenol and the other rich 
in water. At 30°C the compositions of the upper and lower layers are 70 and 9%w 
phenol, respectively. If 40 lb of phenol and 60 lb of water are mixed and the layers 
allowed to separate at 30°C, what will be the weights of the two layers? 

3-11. Dry nitrogen is bubbled through benzene at 800 mm Hg and 50°C at a rate of 
10 in.*/min. The nitrogen, saturated with benzene vapor, leaves at 740 mm Hg and 
40°C at a rate of 13.85 in.*/min. 
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a. From these data, calculate the vapor pressure of benzene at 40°C, the exit 
temperature. 

b. Derive an equation giving the lb benzene/lb dry N: in terms of the partial pres- 
sure of benzene, the total pressure, and the molecular weights. 

c. Show the form of the equation when mole fractions are substituted for pressures. 

d. Calculate the lb benzene/lb dry N2 for this example. 

3-12. A stream of gas at 70°F and 14.3 psia and 50% saturated with water vapor is 
passed through a drying tower where 90% of the water vapor is removed. Calculate 
the pounds of water removed per 1000 ft’ of entering gas. The vapor pressure of water 
at 70°F is 0.74 in. Hg, and 1 atm = 14.7 psi ~ 29.92 in. Hg. 

3-13. A gas mixture is known to consist of CO2, N2, and HO. It is analyzed by 
first passing it through a drying train where all the water isremoved. The remaining 
gases are placed in a 1-liter flask and weighed. In one analysis 0.0843 g of water is 
removed in the train. The remaining gases weigh 1.5550 g at 30°C and latm. What 
are the composition (%m) and the Orsat analysis of the original gas mixture? 
~ 3-14. In testing filter media for a proposed installation, a laboratory technician 
suspends 50 g of a slightly soluble salt in 100 g of water. By filtration, he obtains a 
wet filter cake (precipitate) weighing 53.9 g and a clear filtrate solution. He dries the 
cake and finds that it weighs 49.0485 g. Calculate the solubility of the salt in g/100 g 
of water. The concentration of the salt in the filtrate is the same as that in the liquid 
which adheres to the solid precipitate. 

3-15. One ton of a 30%w solution of Na2CO; in water is cooled slowly to 20°C. 

During the cooling, 10% of the water originally present is evaporated. The carbonate 
precipitating out forms crystals of NasCO;-10H.O. If the solubility of anhydrous 
Na2CO; at 20°C is 21.5 lb/100 lb H.O, what weight of Na2CO;-10H.0 crystallizes 
out? 
“ 3-16. One hundred grams of a mixture of Na2SO,-10H2O and Na2CO;-10H:20 is 
heated to drive off the water of hydration. The final weight of the mixed salts is 
39.6 g. What is the ratio of moles of Na2CO; to moles of NazSO, in the original 
hydrated salts? 

3-17. Two salts, A and B, are dissolved in water. At the temperature of the experi- 
ment, the solubility of A is 1 lb A/lb pure water, and that of B is 0.4 lb B/\b pure 
water. It may be assumed that the solubilities of the two salts are not affected by 
the presence of each other; i.e., 1 lb water will dissolve 1 lb A plus 0.4 lb B. When 
water is evaporated, the concentration of the solution increases. However, if the 
concentration reaches the saturation point for either salt, then further evaporation will 
cause crystallization of that salt, while the concentration of that salt in the solution 
remains constant at the saturation point. 

If, originally, 20 lb A and 20 lb B are dissolved in 100 lb of water, and some of the 
water is then evaporated from the solution, calculate (1) the amount evaporated, (2) 
weight of the final solution, (3) composition of the solution, and (4) the amount of 
each salt crystallized out, for the following cases: 

a. Fifty per cent of the water originally present is evaporated. 

b. Enough water is evaporated to reduce the total weight of solution and crystals to 
50% of the initial value. 

c. Enough water is evaporated to leave the solution saturated with A, without 
crystallizing any A. 

d. Enough water is evaporated so that the remaining solution (not including 
crystals) is 50% of the original value. 

_-8-18. Limestone is a mixture of calcium and magnesium carbonates and inert 
material. Lime is made by calcining the carbonates, 1.e., heating them until CO: is 
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driven off by the reactions 
CaCO; > CaO + COz 
and MgCO;— MgO + COz 


When a pure limestone, consisting of the carbonates only without inert material, is 
calcined, 44.8 Ib of CO: is obtained per 100 lb of limestone. What is the composition 
of the limestone? 

3-19. In an experiment, pure carbon is burned with an enriched air consisting of 
50%m O2 and 50% Ne. Because of faulty combustion, not all the carbon burns. 
Of that which does burn, three times as much goes to form CO as that which goes to 
CO. The excess of oxygenis 10%. It is known that 51.3 liters of combustion gases, 
measured at 27°C and 1 atm, are formed for 10 g of carbon supplied (not all burned). 
What percentage of the carbon is unburned? 

3-20. Pure sulfur is burned with air (21%m Oz and 79% Ne). If 20% excess 
oxygen is used, above that necessary for complete combustion of the sulfur to SOs, 
but only 30% of the sulfur burns to SOs, the remainder going to SOz, 

a. What is the analysis (%m) of the resulting mixture of gases? 

b. The gases from initial burning are passed through a converter where a conversion 
of SOz to SO; takes place. No new material is added here. If the gases leaving the 
converter have a mole fraction of oxygen of 0.043, what is the ratio of moles of SO; 
to moles of SOz in the converter gases? 

3-21. An organic liquid of specific gravity 0.8, relative to water at 4°C, is vaporized 
and mixed with air. Some of the mixture is trapped over water at 20°C. After 
saturation with water vapor, the volume is 1000 cm? at 20°C and a total presssure of 
730 mm Hg. A volumetric analysis shows the gas is 6.83% Ov. The specific gravity 
of the sample (including water vapor) is 1.642, relative to air at the same temperature 
and pressure. What volume of the liquid compound must be vaporized to make up 
this sample? 

3-22. Ammonia is made by the reaction of nitrogen and hydrogen under high pres- 
sure and temperature. In order to prepare feed gas for the reactor, pure hydrogen is 
mixed with air (21% O2, 78% Nz, 1% A) and the oxygen removed by water formation. 
The resulting mixture, after compression and drying, is to have the proper stoichio- 
metric ratio of H:/Nz for NH; formation. On a basis of 100 mole of air, how many 
pounds of water would condense from the mixture of H2, No, H2O, and A when the 
gases are cooled from the combustion temperature to 70°F and 2 atm pressure? 

3-23. At 400°C and 10 atm it is found that, for the ammonia reaction 


N2 + 3H: = 2NH;3 
the partial pressures of the three gases are related by the expression 


a (pNu;)? 
ois (pN2)(pu.)® 

Ky is called an equilibrium constant. 

When 1 mole of N2 and 3 mole of H: are heated to 400°C and allowed to come to 
equilibrium at 10 atm, 0.148 mole of NH; is formed. 

a. How many moles of nitrogen have been consumed? How many are unconsumed? 

b. How many moles of hydrogen have been consumed? How many are unconsumed ? 

c. What are the partial pressures of nitrogen, hydrogen, and ammonia in the 
equilibrium mixture? 

d. What is the value of K,? What are its units? 

e. If 2 mole of N2 and 3 mole of H; are heated to 400°C and allowed to reach equi- 
librium at 10 atm, how many moles of NH; are formed? 
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f. What is the percentage conversion of the limiting reactant under these conditions? 

’ 3-24. A drier with a capacity of 800 lb per 24-hr day operates on a material which is 
90%w HO and 10% solids. The product which contains 20% H:0 is dried in another 
oven until the water content reaches 2%. Calculate the percentage of the original 
water that is removed in each oven, and the weight of product per day from each of 
the two driers. 

3-25. Ethylene oxide, C.H,O, may be made by passing ethylene, C.Hy,, and air 

over a catalyst at 250°C. When the resulting mixture is cooled and passed through 
water, the ethylene oxide combines with water to form ethylene glycol (CH:OH)>s. 
In one experiment a 5%v ethylene-95%v air mixture is passed over the catalyst. 
Some of the ethylene does not react, some forms ethylene oxide, and some is oxidized 
completely to form CO: and water vapor. The entire gas mixture enters directly into 
an absorption system where it is contacted by water. The gases leaving the absorber 
contain all the No, unreacted C2H,, unused Os, and the CO; formed. They are satu- 
rated with water vapor at a partial pressure of 15.4 mm Hg. The total pressure is 
730 mm Hg. An Orsat analysis of the gases leaving the absorber shows 1.075% 
C2H,, 80.7% No, and 4.30% CO2. One mole of liquid water is fed to the absorber per 
100 mole of gas fed to the catalyst chamber. What is the composition (%m) of the 
ethylene glycol-water product formed? 
“3-26. The gases entering an NH; reactor are in a mole ratio of 4 H2:1 N>. The 
mole ratio of these gases in the exit.stream is 4.25. What volume of entering gas, 
measured at 500°C and 1 atm, must enter the reactor to produce 150 tons of NH; 
per day? 

3-27. When pure carbon is burned in air, some of it oxidizes to CO. and some to CO. 
If the ratio of N2:O2 = 7.18, and the ratio of CO: CO. = 2, what is the per cent excess 
air used? The exit gases contain only No, Os, CO, and COs. 

3-28. Three gaseous mixtures, with the following compositions in %m, are to be 











Gas I | II | Ill 
3) ae 25 | 35 | 55 
CH. 35 | 20 | 40 
fen Fae ie 40 | 45 5 


blended in such proportions that the final mixture contains 40% CH,, 35% C2H«, and 
25% C3Hs. In what proportions should they be mixed? 
3-29. Three gaseous mixtures, with the following compositions in %m, are blended 











Gas I Il III 
O13 Pe eres ekg ee 25 60 
Calls Fea -e. 2c 80 30 25 
SS ere re 40 45 15 


into a single mixture. A new analyst reports that the composition of the mixture is 
25% CH,, 25% C2zHe, and 50% C;Hs. Without making any detailed calculations, 
explain how you know the analysis is incorrect. 

3-30. The gases entering an ammonia reactor analyze 20%m No, 75% He, and 5% 


inerts. Only the reaction 
N. + 3H, = 2NH; 
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takes place. The ratio of hydrogen to nitrogen in the outlet gases is reported as 2.85. 
Without detailed calculations, explain why you know this figure is incorrect. 

3-31. In many cases of low solubility, a direct proportionality exists between the 
mole fraction of a dissolved gas in a solvent and the partial pressure of the gas in the 


gas phase: 
xz = Kp 


When p is expressed in millimeters of mercury, the solubilities of oxygen and nitro- 
gen in water at 20°C are given by the equation above, where Ko, = 0.033 X 107° 
and Ky, = 0.0165 X 10-®. If 1 gmole of dry air at 20°C and 5 atm total pressure is 
placed in contact with 10 gmole of water at 20°C and allowed to come to equilibrium 
at this temperature, 

a. How many grammoles of oxygen dissolve? 

b. How many grammoles of nitrogen dissolve? 

c. How many grammoles of water vaporize, assuming water exerts its vapor pres- 
sure? 

d. What are the absolute and relative volume changes in the gas phase? 

3-32. In certain composition ranges ethylene tetrachloride (C2Cl,), water, and 
isopropyl alcohol (CH;CHOHCH;) separate into two liquid phases. Approximate 
equilibrium data are given in the table. Calculate the relative amounts and com- 


Lower layer, %w Upper layer, %w 


C.Cl,| CH;CHOHCH; | H:0 | C.Cl,| CH;CHOHCH; | H20O 








100 0 0 0 0 100 
94 5 1 1 33 66 
88 10 2 21 49 30 

3 


82 15 35 46 19 
76 20 4 50 38 12 


positions of the two phases for an over-all composition of 40%w C.Cl,, 40% CH:;- 
CHOHCH,;, and 20% H;0 


Chapter 4 
ENERGY BALANCES 


In addition to being concerned with the quantities of material being 
processed in an industrial operation, chemical engineers are concerned 
with the quantities of energy being released and absorbed. The science 
which deals with energy and its transformations is called thermodynamics. 
This word suggests heat (thermo) and motion (dynamics). It is not 
entirely correct in its connotations. We shall see that we are interested 
in work and energy as well as in heat. 

The structure of thermodynamics rests upon a few fundamental 
principles. The laws are derived from experimental and theoretical 
observations of energy, work, and heat, as correlated with such meas- 
urable properties as pressure, volume, temperature, and composition. It 
was once thought that heat (called “caloric’’) was a substance. Since it 
went upward when released, as in a flame, it was even assigned a negative 
weight. This theory was not easily discarded. Its validity was ques- 
tioned in 1798 by Count Rumford, who made measurements on the rise in 
temperature and amounts of metal rubbed off in the boring of cannon. 
Later experiments of Joule in about 1840 contributed to the establish- 
ment of the law of conservation of energy as we now know it. His work 
with systems which underwent no net change demonstrated that the ratio 
of the amount of heat produced in a process to the amount of work done 
was constant. At this time it had been demonstrated by physicists that 
energy was conserved in purely mechanical systems (as, for example, the 
conversion of energy stored in a rotating flywheel to potential energy of a 
raised weight). The experiments of Joule and others led to the inclusion 
of other forms of energy in the law of conservation of energy and even- 
tually to the conclusion that heat was not a substance of negative weight. 

As the work on energy transformations progressed, it appeared that 
there were limitations on the direction a process would take or how far a 
process might go toward completion. The development of a limiting law 
started with the theoretical work of Carnot in 1824 concerning the con- 
version of heat to work in a heat engine. Further developments by Kel- 


vin and Clausius brought this limiting law closer to its present-day 
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status. A layman’s statement of the “limiting” law might be that 
“water will not flow uphill.” But, more generally, if a process has 
a tendency to occur, this tendency is in one direction (downhill) only. 
In order to reverse a spontaneous process, it is necessary to employ 
an external energy source. 

In spite of the development of thermodynamic laws by some of the 
outstanding scientists and philosophers of the past, the acceptance of 
these ideas in applied science was not at all rapid. Present-day usage in 
chemistry and chemical engineering is due largely to the effort of J. 
Willard Gibbs of Yale University. All of the basic research which had 
been done led to a variety of systems of measurement, expression of laws, 
nomenclature, and mathematical functions. It was not an easy matter to 
take these seemingly unrelated pieces of work and do something “prac- 
tical’? with them. Gibbs made it possible to use thermodynamics in 
our work by settling many of the differences and extending the concepts 
to things we commonly measure in the laboratory and plant. 

In recent years another principle has been developed. It deals with 
energy contents and other properties of materials at absolute zero of 
temperature. Its application leads to the determination of many prop- 
erties, such as the energy of a substance, on an absolute basis. 

Most principles, or laws, of science are named after the originator. 
Thus we have Newton’s laws of motion, Einstein’s theory of relativity, 
the Pythagorean theorem, etc. The laws of thermodynamics, however, 
are merely numbered, perhaps because so many people have contributed 
to their formulation. The numbering of the laws does not even follow 
their chronological development, the second law having been formulated 
before the first. 

The law of conservation of energy is called the first law. Its applica- 
tion allows calculations of energy relationships associated with all kinds 
of processes. 

The limiting law is called the second law. Useful limiting-law rela- 
tionships depend upon equations and functions which are derived from 
basic second-law considerations. By proper application of these prin- 
ciples we are able to calculate such things as the maximum power output 
from a power plant and equilibrium yields in chemical reactions. 

The law dealing with properties at absolute zero is called the third law. 
In most cases, it is possible from the first and second laws to calculate only 
relative quantities or changes in properties during a process. Proper 
application of the third law enables us to calculate absolute rather than 
relative quantities. The direct use of the third law is rarely necessary in 
engineering work. 


From the standpoint of the applications in this course, only the first 
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law need be considered. Further treatment of thermodynamics is there- 
fore restricted to this law. 


THE FIRST LAW 


In Chap. 3 the law of conservation of matter was expressed by the 
statement that matter is conserved in any ordinary chemical or physical 
process. The word “ordinary” was included in the statement to exclude 
nuclear reactions, which require more advanced and special treatment. 
The first law of thermodynamics, also known as the law of conservation 
of energy, is expressed by an equally simple and parallel statement: In 
any ordinary chemical or physical process, energy is neither created nor 
destroyed. 

Unlike the law of conservation of matter the first law of thermo- 
dynamics deals with quantities which are difficult to describe. The 
physicist may find himself asking just what matter is, but the engineer is 
generally satisfied that he understands matter sufficiently well to handle 
it, both in his calculations on paper and in its physical reality in the 
plant. The first law, however, deals with energy, which takes many 
diverse forms. Thus it is necessary at this point to define several concepts 
before proceeding with the mathematical statements of the first law which 
will be used in numerical calculations. 

Before any equations can be written or any numerical values assigned, 
it is necessary to know to what these equations and numbers refer. A 
system is any portion of the universe which is set aside for study. The 
system chosen will depend, of course, upon the particular problem to be 
solved and the data available. Once a system has been chosen, the rest 
of the universe is called the surroundings. (The use of the word “uni- 
verse”? is common in thermodynamic terminology. It is interpreted to 
mean that the surroundings should be so large that any energy effects 
to be studied will be confined to the system and the surroundings.) 

A system is described by specifying that it is in a certain state. This is 
another way of saying that it has certain properties. Just as a point may 
be located by mathematical coordinates, so the state of a system is 
described by thermodynamic coordinates (numerical values of measurable 
and derived quantities). Depending on the nature of the system—its 
number of phases and chemical species—a certain number of properties 
must be known in order to specify the state. In general, for a given 
amount of material the state is fixed by a relatively few quantities, say 
the temperature, pressure, and composition. 

The state of a system is reproducible. Thus, the density of a gas of 
specified composition will always be the same when this gas is subjected 
to the same temperature and pressure. Other properties, such as internal 
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energy, will also be entirely fixed when a definite state is attained. 

A system in one state may be changed to another state by varying the 
properties. The path, or series of values the variables assume in passing 
from one state to another, defines a process. In general, the choice of a 
path for a particular process is a choice among an infinite number of 
possibilities. From the laboratory and industrial standpoints, certain 
processes are more common than others; important ones are isothermal, 
isobaric, and isochoric, meaning constant temperature, pressure, and 
volume, respectively, and adiabatic. This latter term is described in 
detail later in the chapter. 

Since the first law of thermodynamics deals with energy, we must have 
a clear definition of this term. The amount of energy possessed by a 
system is a measure of its ability todo work. This leads to the necessity 
of establishing a definition of the term work. Mathematically, work is 
the product of a force times an amplitude factor. It is best shown in 
differential-equation form, such as 

dW =F ds (4-1) 
where W = work 
F = force 
s = distance 
Any convenient units may be used. A common unit for work in the 
English engineering system is the foot-pound, abbreviated ft-lb, where 
pound refers to a pound force. 

An excellent treatment of different types of systems may be found in 
the text “Heat and Thermodynamics’”’* by Zemansky. The equations 
for work in all these are shown to be analogous. For example, in stretch- 
ing a wire, 

aqdW = —rdbL 
where + = tension and L = length. (The minus sign is used to obtain 
consistency in the definition of work, as described later.) 

Let us investigate a system to find out what potential it possesses for 
doing work. Choose as an example a rigid container filled with a sub- 
stance. Imagine that the container itself has no mass (is weightless) 
and does not possess other properties which need be considered in this 
discussion. In other words, we shall focus our attention on the substance 
within the container. 

The most evident energy possessed by the system is potential energy 
(or potential mechanical energy). If the substance is situated a distance 
Z above some selected datum plane, for example the earth’s surface, it 
could theoretically be connected to an equal weight by a pulley arrange- 


* Mark W. Zemansky, “Heat and Thermodynamics,” 4th ed., McGraw-Hill Book 
Company, Inc., New York, 1957. 
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ment (assumed frictionless). By allowing the substance to fall to the 
datum plane, it could at the same time raise this weight a distance Z. 
It would consequently do an amount of work equal to mZ, where m is the 
mass of the system. 

Actually, the work done is 


iz 
W= if mg dZ (4-2) 


where m = mass in lb (Ibn) and g = acceleration of gravity, ft/sec’. 
In this system W = (lb,,) (ft?) /sec?. 
In all practical engineering problems, g is essentially constant, and 


W = mgZ (4-3) 


Furthermore, the units of W above are not the conventional ones to use 
in engineering work. It is customary to write 


eee 


Je 
where g, = 32.2 (ft)(Ibm)/(sec?)(Iby). W is then in the usual units of 
ft-lb;. 
One further simplification is usually made in engineering work. Except 
for cases where extreme accuracy is required, the value of g is sufficiently 
close, numerically, to g, so that 


W =mZ (4-5) 


It must be emphasized that g is the acceleration of gravity and is a 
variable, whereas g, is a conversion factor and is constant. 

Another form of energy possessed by the system is kinetic energy (or 
mechanical kinetic energy). If the system as a whole is moving with a 
velocity u, relative to some stationary point, this kinetic energy is given 
by mu?/2. If the mass is in lb,, and the velocity in ft/sec, the units of 
kinetic energy will be (lb,,)(ft?)/sec?. Again, to convert to the more 
common units of ft-lb, kinetic energy is usually expressed as mu?/2g,.. (A 
similar equation may be written for energy of rotation.) 

Both the potential and the kinetic energy are dependent on the external 
conditions of the system and its mass. Thus a given mass of one sub- 
stance under given conditions of elevation and velocity would possess the 
same potential and kinetic energies as the same mass of any other sub- 
stance under the same conditions. There are other forms of energy, 
however, which depend on the nature of the substance itself. Thus, it 
would seem logical that a charged storage battery would possess more 
capacity to do work than an uncharged one, although the two might be 
under such conditions that their mass, elevation, and velocities were 


the same. 


(4-4) 
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It is logical to refer to energy associated with a substance itself as 
internal energy. This is energy possessed by the molecules themselves 
and is due to translational, rotational, and vibrational motion of the 
molecules and to the molecular configurations. It also includes the 
intrinsic energy of the nuclei. Fortunately, in thermodynamics it is not 
necessary to consider the behavior of individual molecules. Further- 
more, as will be shown later, it is not necessary to know absolute values of 
internal energy, since we are almost always concerned with changes in 
energy. These changes in internal energy may be calculated from 
directly measurable properties. 

There are other types of energy which may be possessed by the system 
and which are dependent on the material of the system itself. These are 
of less importance in engineering work and will not be treated in the equa- 
tions to be presented. It is important to note that they may sometimes 
be of importance, however. One type of particular interest in some cases 
is surface energy. In order to prepare an emulsion from immiscible 
liquids, for example, it is necessary to perform a certain amount of work. 
Much of this work of subdividing the liquids into droplets and mixing 
them thoroughly appears in an increase of the surface energy of the mix- 
ture. At times other types of energy, such as magnetic and electrostatic, 
must also be considered. 

We have now established that the system possesses three types of 
energy of engineering importance: potential energy, mZ; kinetic energy, 
mu?/2g.; and internal energy, mU. We might say, then, that at a par- 
ticular instant the total energy E of the system is 


E, = (m) (2: + zs + v1) (4-6) 


Consider now that the system has undergone some kind of change in 
state; its elevation, velocity, or internal energy has in some way been 
altered. Assume, however, that its mass has not changed. We may 
then write an equation for its energy in this new state: 


AE — E2 a Ey, (4-8) 


How has the energy of the system changed? By the first law, energy is 
neither destroyed nor created during any ordinary chemical or physical 
process. The answer is that the energy of the surroundings has changed 
by an equal amount, opposite in sign, to compensate for the change in 
the system. When constant mass of the system is assumed, the only way 
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in which the system and surroundings may interchange energy is by work 
and heat. Work and heat are defined as energy in transit. They are not 
properties of a system and cannot be stored in a system. 

Previously in this chapter we have defined work as a product of a force 
times an amplitude factor. Work may take on numerous forms. Two 
common forms are expansion and electrical work. Heat is energy in 
transit as a result of a temperature difference. Included in this is heat 
transfer by conduction, convection, and radiation. 

Returning now to the system under consideration, assume that the 
system, between states 1 and 2, does an amount of work W and receives 
an amount of heat Q. (These must, of course, be expressed in the same 
units.) The system has undergone a change in its total energy AH. If 
it can exchange energy only by work and heat, then the first law may be 
expressed as 

AE=Q-—W (4-9) 


This is the form in which the first law is usually first presented. This is 
the static, or nonflow, form. Reference to other texts in the field will 
show that E is often defined as internal energy. When the system as a 
whole undergoes no change in potential or kinetic energy (or surface, 
magnetic, or electrostatic energy) between states 1 and 2, then 


AE = AU (4-10) 


Before continuing, it is necessary to examine critically the meanings of 
the terms Qand W. It wasstated that W is the work done by the system 
and that Q is the heat received by the system. It is customary to make W 
and Q algebraically positive when these definitions are followed. (Thus, 
when a chemical reaction gives off heat, the sign of Q is negative.) 

If we define AZ’ as the energy change of the surroundings, we may 
write, as a consequence of the first law, 


AE = —AE'’ (4-11) 


Again, since energy can be transferred only by heat and work, we may 


write 
—AE’ = Q’ — W’ (4-12) 


In this definition the signs of Q’ and W’ are such that Q’ is again positive 
when heat is going to the system, and W’ is positive when work is being 
done by the system. Note, however, that we have not said that Q = Q’ 
or that W = W’. Suppose that a gas is confined in a cylinder by a pis- 
ton. The gas is the system, and the cylinder and piston are part of the 
surroundings. Assume that the piston is restrained from moving. The 
pressure of the gas is high enough to move the piston, however. If the 
restraints are removed, the gas will expand, and several possible processes 
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result. If the piston moves without friction and if the force applied to 
the piston is only infinitesimally less than the total force exerted on the 
piston face by the gas, then a reversible expansion results. (Note that 
the piston has to have negligible mass to be moved by an infinitesimal 
difference in pressure.) In such a case, the gas does maximum work, and 
the change in energy of the gas (negative) results in an equal increase in 
energy stored in the surroundings. In a general case, the gas may receive 
heat from the surroundings, and we may write the equation 


AE = Q—W = —AE’=Q’ -W’ (4-13) 


In such a reversible case, the work done by the system is work done on 
the surroundings, and W = W’ and Q = Q’. 

Consider another case in which the cylinder is completely insulated so 
that it receives no heat from the surroundings. Then Q’ = 0. This is 
the definition of an adiabatic process. If the gas again expands reversibly, 
then again W = W’, and Q must be zero. 

Now consider the case where the cylinder is insulated but the piston 
has mass and the movement of the piston involves some friction. Thus 
the gas does more work in moving the piston than actually is transferred 
to and stored in the surroundings as an appropriate form of energy. 
Since the process is adiabatic, Q’ = 0, and 


Q-W=-w' (4-14) 


Thus Q has the value W — W’. We have already defined Q as heat 
added to the system. In this case, Q does not come from the surroundings 
but is extracted from within the system by a conversion of work to heat. 
Such heat (or, in the case of an uninsulated cylinder where the process is 
irreversible and W exceeds W’, the difference Q — Q’) might be called an 
internal-heat effect. In this case we might define W as internal work and 
W’ as useful work, or work appearing in the surroundings. 
We have now established the equation 


AE = Q — W = —AE’ = Q — W' (4-13) 


u? 
where AE =AU+A (>) + AZ (4-15) 


for the static, or nonflow, system where mass is constant. Even this 
equation is further limited, in that internal movement (such as agitation) 
and magnetic and electrical energy have been neglected. 

The energy balances studied in stoichiometry are generally heat 
balances. The kinetic- and potential-energy terms are almost always 
small in comparison with the change in internal energy when heat effects 
are present. Furthermore, we shall usually be interested in systems 
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where no work is done except that of expansion. In such a case, 


AK = AU = Q — [Pav (4-16) 
Two cases of special interest here are the constant volume, where 
AE=Q (4-17) 
and the constant pressure, where [PdV ~ PAV = A(PV), 
and AE = Q-—- PAV=Q-A(PV) (4-18) 


The Flow System. The above treatment has been restricted to a study 
of the energy relationships in a static system. Such systems are common 
in the laboratory and in some industries. In most cases of industrial 
importance, however, continuous operation is used. An analysis of a 
continuous operation leads to a different form of the first law referred to 
as the flow equation. 

Visualize a piece of equipment where a chemical or physical process is 
occurring. The materials to be processed are supplied to the equipment 
by conveyors of some sort. In most cases these are pipelines. Products 
are removed by the same means. 

Assume first a steady-state system. This implies that the mass rate of 
feed equals the mass rate of removal of products. Also, at any specified 
point in the system, there is no variation with time in the velocity, tem- 
perature, pressure, or composition of the material. There is no accumu- 
lation or depletion of material or energy within the equipment. Assume 
further that the equipment itself is stationary; i.e., only the feed and 
products are in motion relative to the earth. 

The general word statement of the first law is not changed by a change 
in the type of operation. If we choose a length of time such that 1 lb 
of material enters the equipment, we may make an analysis of the energy 
relationships involved. Thus we may say that each pound of material 
entering and each pound leaving possesses a certain amount of potential, 
kinetic, and internal energy (and other forms under special circum- 
stances). Again we may write potential energy as gZ/g. and internal 
energy as U. The kinetic energy is usually written as u?/2g,, although it 
may take other forms under special circumstances. 

Consider now 1 lb of material passing a certain point in the pipeline 
leading to the equipment. The material behind it in the line supplies 
the pressure which forces this pound into the system. In doing so, the 
surroundings expand by an amount equal to the volume of the pound and 
do work equal to PV on that pound. This work is done at the expense 
of an equivalent amount of energy in the surroundings. We may there- 
fore look upon this PV product as another type of energy, called simply 
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“ PY energy,” possessed by the entering material. In a similar manner, 
PV energy is returned to the surroundings by the pound of material 
leaving the system at the other end. 

Since the material entering the equipment carries in a certain amount of 
energy, the material leaving removes a certain amount of energy, and 
energy is interchanged between the surroundings and system by work and 
heat only, we may write the general flow equation (often called the 
“total-energy balance’’) as 

We? 


Z : , , gZ 
eA a aes ar — W eae pared? Ose (4-19) 


As previously defined, Q’ is the heat removed from the surroundings and is 
positive when it goes toward the system (in this case, the flowing fluid). 
W’ is the work added to the surroundings. It is written as W; by some 
authors to emphasize the flow character of the equation in which it is 
used. It is also sometimes called ‘‘shaft work” since it is transmitted 
by a machine working on a shaft, such as a turbine or a pump. 

The above equation is usually written for a 1-lb-mass basis. On the 
other hand, the static equation is often written for the entire system, 
whatever its mass. 

The above derivations cover the two most common cases in ordinary 
practice: the batch and the continuous operations. It is possible, of 
course, to have more complex operations, and the added complexities 
show up in correspondingly more complex equations. Such cases are 
appropriately covered in more advanced treatments. 

Now let us examine the nature of these two equations to see what forms 
are appropriate for our purposes. Consider first the “static”? equation. 
We have already shown that, when the system as a whole does not change 
in elevation or velocity (which, in a practical case, means a piece of batch 
equipment sitting on a laboratory bench), we have two important cases: 


Constant volume: Q = AU (4-20) 
Constant pressure: Q = AU + A(PV) = A(U + PY) (4-21) 


The flow equation may be written as 
2 
Q’— W'=A(U+ PV) +A (2) ith (es) (4-22) 


The equation as it stands is the basis for much of the work in both fluid- 
flow and heat balances. Special forms are obtained, depending on which 
variables are important. We wish to find what form is suitable for use in 
heat-balance calculations but must first define some more terms. 

Heat Capacity. Suppose that we wish to heat a given quantity of a 
material from one temperature, t, to another temperature, ¢:. A certain 
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amount of heat is necessary. Suppose, instead, that we heat the material 
from ¢; to tz, where the difference t; — t; is twice the difference t. — ty. 
It would seem logical to say that twice as much heat would be required in 
the second case; i.e., the quantity of heat needed should be directly 
proportional to how much change we wish to cause in the temperature of 
the material. The above statement is ‘almost’ true. If we restrict 
the temperature rise to a differential amount dt, we may write 


dQ = Cdt (4-23) 


where dQ is an infinitesimal quantity of heat and C is a proportionality 
constant. 

The factor C is called a heat capacity or, in some cases, a specific heat. 
It varies with different substances. It also varies with the type of process. 
Referring to the two cases for the static equation, we note that in the 
constant-volume case Q@ = AU, while in the constant-pressure case 
Q=A(U+ PV). Certainly the differences AU and A(U + PY) 
between two temperatures will be different. Thus the proportionality 
factor C seems to depend on the path of a process. The two most com- 
monly used values of heat capacity are those at constant volume and at 
constant pressure. 

With this brief definition we are in a position to define terms necessary 
to further understanding of the first law. These terms are the calorie 
and the British thermal unit (Btu). A calorie is the amount of heat neces- 
sary to raise the temperature of one gram of water at constant atmos- 
pheric pressure from 14.5 to 15.5°C. A Btu is that quantity of heat 
necessary to raise the temperature of one pound of water from 63 to 64°F. 

Now if we refer back to the general static form of the first law, 


AE=Q-—W 


we find that we may increase the energy of the system by adding heat or 
by doing work on the system. Once heat or work has been added, they 
no longer exist as such, and we say merely that the energy of the system 
has changed. Once the change has occurred, there is no way of telling 
by what means the change was brought about. In this sense, work and 
heat are equivalent. 

We have, however, defined a quantity of work by means of a mechanical 
system and have established engineering units of ft-lb;. Similarly, we 
have defined a quantity of heat in terms of a temperature change of a 
standard substance and established the English unit, the Btu. Obvi- 
ously, we cannot add heat and work quantities unless they are expressed 
in the same units. The conversion factor between work and heat units 1s 
often called the mechanical equivalent of heat. Without exploring the 
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methods of determining this factor, we shall merely state its value: 
1 Btu ~ 778.26 (ft) (Iby) 


You should memorize this factor; it will be used many times. In 
most engineering work the value 778 is satisfactory. Other conversion 
factors are given in Appendix A. Consider the following examples: 
Example 4-1. A substance with a heat capacity of 0.5 Btu/(lb)(F°) 
enters a heat exchanger at a temperature of 40°F. It leaves at a tem- 
perature of 85°F. The exit pipe is 20 ft above the entrance. The inlet 
velocity is 10 ft/sec, and the exit velocity is 100 ft/sec. The flow is 
steady-state. There is no pump between the inlet and outlet. 
a. How many Btu are needed to heat the material? 
b. How many ft-lb are needed to elevate the material? 
c. How many ft-lb are needed to increase the velocity? 
d. When the above quantities are converted to Btu, what percentage 
change is there in the total heat needed? 
Solution. In this case the total-energy balance, without the work 
term, is valid: 
Q’ = A(U + PY) +a(%) +a(#) 
a. Basis: 1 lb, of material. As we shall see presently, the term 
A(U + PY) represents the actual heat used to change the temperature. 
Then 
; 0.5 Btu 
A(U + PV) = (C)(te — #1) (Ge (F*) 


ee Btu 
) (85 — 40) (F°) = 22.5 ai 


Z\ _ 20(f 
: . (%) i ee (assuming g = g, numerically) 
: 100? — 10? (ft) by) 
gi A st) LOU 1 (ft) (Ib,) 
Ol a ean 
, 20 , 153.5 Btu 
d. — 9954 20 , 153.5 _ Btu 


0.22 
i) (100) = 1% 


Thus the potential and kinetic energies are only about 1% of the total 
heat requirement. 

Example 4-2. Suppose that a weight with a heat capacity of 0.6 
Btu/ (1b) (F°) isdroppedina vacuum. Asit falls, it loses potential energy 
which is converted to kinetic energy. When it hits a solid surface, all 


the kinetic energy is converted to heat. The temperature of the weight 
rises 1 F° as a result. 


a. How far does the weight fall? 
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b. What is the velocity of the weight just before it hits? 

Solution 

Basis: 1 lbm of the weight. The weight is the system. The static 
form of the first law is valid here. There is no work-producing device, 
and so we write 


Q’ =az=au +a(# 2) + (3) 


Taking the end conditions as the two times the weight is at rest and 
assuming that all the energy is retained in the weight and that no external 
heat is added, we may say that 





and QieAN = 
Thus AU = —A (2) 


The result of the process is that the internal energy is increased. As 
shown previously, the temperature of a substance may rise because of the 
addition of energy, whether in the form of heat or work. Thus 


0.6 Btu 0, _ 9.6 Btu 
AU = CAt= Gs ) (1 F°) Ib, 


& EE (ae, abn) _ 466.8(ft)(Ibs) _ ag (2) 
Signe ke Biticn .) 8 1b a Je 





= —AZ (numerically) 


a. The weight must fall 466.8 ft. 

b. If we choose end conditions as the time the weight is initially at 
rest and the instant just before the weight strikes, we may say that the 
internal energy is unchanged, and thus 


1? \ ven that 
loca ana oe (Ge 


174 ft 
Therefore, Us, = V (2)(32.2) (466.8) = = 


ec 





These two illustrations bring out the important fact that, except in the 
most extreme cases, whenever heat effects are present because of physical 
processes and/or eharni cal reactions, potential and kinetic effects may be 
neglected. The steady-state flow equation for such cases may be written 


Q’ — W’ = A(U + PV) (4-24) 
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In most problems where heat balances are made when no pump or similar 
work-producing device is present, the equation becomes 


Q’ = A(U + PY) (4-25) 


You will note that in two cases, the constant-pressure batch and the 
steady-state flow, the grouping U + PV has appeared. This is encoun- 
tered so frequently that it has been given the name enthalpy and the sym- 
bol H. It is best to consider enthalpy as merely a convenient mathe- 
matical grouping rather than to attempt to give it physical significance. 

We now have three equations which will be used in the rest of our work 
on heat balances. These are 


Constant-volume batch: Q@ = AU (4-20) 
Constant-pressure batch: Q = AH (4-21) 
Steady-state flow: Q’ = AH (4-25) 


These equations have been obtained from the basic first law of thermo- 
dynamics by a long derivation involving many assumptions. The 
equations may be used when the assumptions are valid; otherwise you 
must refer back to the original forms of the first law. It is advisable here 
to review again these assumptions: 

1. In the original forms of the first law (both static and flow), internal, 
kinetic, and potential energy were considered important. Also, PV 
energy was included in the flow form. Surface, magnetic, electrical, and 
other forms of energy were neglected. 

2. Values of g and g, were considered so close numerically that their 
ratio was assumed to be unity. 

3. In cases where heat effects exist, potential- and kinetic-energy effects 
were assumed negligible. 

4. In the static, or batch, form of the equation, work was assumed to 
be zero in the constant-volume case [Eq. (4-20)] and A(PV) in the con- 
stant-pressure case [Eiq. (4-21)]. This is equivalent to saying that no 
electrical or other forms of work other than expansion work are done. 

5. In the flow form of the equation [Eq. (4-25)], external work, such 
as is transmitted by a pump or turbine, was neglected. Expansion work 
is included in the PV terms which are part of the enthalpy. 

These equations as presented are valid for making heat balances. As 
you will see in a later study of fluid flow, different forms of the equations 
are obtained because different terms are important. Other forms of the 
equations will arise in a study of physics and physical chemistry, because 
again different terms are important. Good judgment is necessary in the 
selection of equations for the solution of a particular problem. The 
simplifications which can be made are dictated by the particular problem 
and by the accuracy of the data which are available for the solution. 
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TYPES OF HEAT EFFECTS 


We have now established that the amount of heat associated with a 
process may be found if we know the values of certain thermodynamic 
functions such as enthalpy and internal energy. If we know how to 
evaluate these functions, we can then calculate heat quantities. 

Héat may be absorbed or released in several ways. There is a certain 
heat of reaction associated with every chemical process. Purely physical 
operations often are accompanied by energy changes which may be caused 
by the addition or removal of work and/or heat. 

Two distinct physical processes are the basis for concepts which we 
must explore further. We have already mentioned that the addition or 
removal of heat can cause the temperature of a substance to change. 
Energy added in the form of heat, which causes a change in the tempera- 
ture of a substance without a change of phase, is called sensible heat. In 
contrast with this type of process, when dry ice is exposed to the atmos- 
phere and heat is added, it sublimes directly to vapor without a change in 
temperature. Similarly, when water boils under constant pressure, it 
changes from liquid to vapor without a change in temperature. In 
such cases it is necessary to supply energy to cause these changes to occur. 
The energy necessary to cause a phase change without a change in tem- 
perature is called latent heat. 

There is still another type of heat quantity which is of a combined 
physical-chemical nature. This is the heat of mixing or heat of dilution. 
You will recall the large rise in temperature when sodium hydroxide is 
dissolved in water or when sulfuric acid is diluted. 


HEAT CAPACITIES 


Let us now study more carefully the concept of sensible heat and the 
terms defined by it. We have already established a general equation 


dQ = Cdt (4-23) 


and used it as the basis for the definition of the basic heat quantities, 
the calorie and the Btu. We have also pointed out that the propor- 
tionality factor C is dependent upon the path of a process, since we know 
that Q is dependent on path. This dependency may be established by 
considering some paths of importance and comparing, for each case, two 
different equations for dQ/dt. 

Suppose that we assume a substance is being heated at constant pres- 
sure. For an infinitesimal temperature change we may write 


dQ = C, at (4-26) 
and dQ = dH (4-27) 
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where the subscript on the heat capacity C, specifies that the path is con- 
stant pressure. Dividing both equations by dt, we obtain 


dH 
= — 4-2 
This is usually written 
dH 
Cs a (22) (4-29) 


to avoid possible ambiguity. In words, the heat capacity at constant 
pressure is equal to the rate of change of the enthalpy with temperature at 
constant pressure. 

Now what can be said concerning the units of heat capacity? From 
the equation we may say that C, has the units of Btu/F°, cal/C°, or any 
other units representing an amount of energy divided by a temperature 
change. Since it is evident that the heat capacity of a system should be 
directly proportional to the mass of the system, it is customary to define it 
on the basis of a unit quantity of material. For practical reasons, the 
heat capacity of a gas is usually ona molal basis, and C,is Btu/(Ibmole) (F°) 
or cal/(gmole)(C°). The heat capacity of a liquid or solid is usually on a 
unit mass basis and thus has the units Btu/(lb)(F°) or cal/(g)(C°). 
Heat capacities referred to this basis are often called specific heats. 

All the equations which have been presented have been on a differential 
basis. This is because the heat capacity of a substance is not a constant 
but is a function of the temperature and, to a lesser extent, the pressure. 
Thus, in order to calculate a quantity of heat needed to produce a given 
temperature change, the equations to use are 


Q=mM ["c, dt (4-30) 
where M is mass and (C;, is defined on a mass basis, or 
Q=N ["C, dt (4-31) 


where N is moles and C, is defined on a molal basis. Thus the relation- 
ship between heat capacity and temperature must be known before the 
integration can be performed. The question now arises as to the most 
practical method of determining the integral; this to some extent deter- 
mines the most practical method of expressing the heat capacity as a func- 
tion of temperature. 

The heat capacity is actually a complex function of temperature. The 
fundamental relationships are still not entirely worked out. In the 
general case you will have available a tabulation of experimental values. 
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From these values numerous equations of a purely empirical nature have 
been developed. The most practical for engineering purposes are the 
polynomial forms, determined entirely by curve-fitting of experimental 
values 


Cp=at+bt+c?+di+---: (4-32) 


With many substances the heat capacity is assumed constant, and thus 
only the first term of the equation is used. This is usually the case where 
the temperature range to be covered is small or where the data are of 
limited accuracy. With many solids and liquids two terms are retained, 
giving a linear relationship of heat capacity to temperature. For most 
gases, especially over large temperature ranges, three terms are sufficient 
for engineering accuracy. Seldom is it necessary to use more than three 
terms. 

You must exercise special care when using values of the constants taken 
from different sources. Depending on the origin of the data, the heat 
capacity may be expressed in metric or English units, and the tem- 
perature may be in any of the four scales in common use. You may also 
wish to convert an equation from one set of units to another. Some of 
these points are illustrated in the following problem. 

Example 4-3. An approximate equation for the heat capacity of 
gaseous HC] is 

C, = 6.60 + 0.96 XK 10-°T 


where C, = cal/(gmole)(K°) and T = temperature, °K. This equation 
is valid at atmospheric pressure. 
a. What are the units of the constants? 


7 cal 
* * (gmole)(K*) 
cal 
rig P= @mole) OK) 
cal 
Therefore b= (gmole) (K°)CK) 


(Note again our terminology in regard to the use of the degree sign. 
°K means a temperature; K° means a difference in temperature.) 
b. How many calories are needed to heat 1 gmole from 100 to 200°C? 


T: —3 
Oia i C, dT = (6.60)(T2 — Ts) + (288 x10") (T.2 — Ty) 
Ti 


Substituting T2 = 473°K, T1 = 373, Q = 701 cal/gmole. 
c. Find the constants for C, in cal/(gmole)(C°) and ¢ in °C. 
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Cy, eal ( 6.60 cal \ tae) 
(gmole)(C°) —_ \(gmole) (K°) c 


0.96 X 10- cal \ /1 K° ¢ 
1 (228 x (K°) ae ( Ce ) (t + 273)(°K) 


= 6.86 + 0.96 X 10-% 





C, cal 
(gmole)(C°) 
d. Using the above equation, calculate the Btu to heat 1 lbmole from 


100 to 200°F. 
100°F = 37.8°C 200°F = 93.3°C 


Q = [(6.86)(93.3 — 37.8) + (0.48 X 10-4)(93.32 — 37.89) ( oe. ) 


gmole 
( 1 ea) (= ema) _ 692 Btu 


252 cal Ibmole / \bmole 


[Note that the factor (1 Btu/252 cal)(454 gmole/lbmole) reduces to 
1.8 (Btu/Ibmole) /(cal/gmole).] 
e. Find the constants for C, in Btu/(Ibmole)(C°) and ¢ in °C. 


oe) (18 Ber/emole = C, in Btu/(lbmole)(C°) 








(gmole)(C°) cal/gmole 
C, Btu | 
Therefore (bmole) (C°) ely + 73 re 10—*t 


(Comparing with part d you see that the factor 1.8 is now included in 
the constants instead of being used separately.) 
f. Find the constants for C,, in Btu/(lbmole)(F°) and ¢ in °C. 


C, Btu -( 12.3 Btu ) ae) 
(Ibmole)(F°) \(Ibmole)(C°)/ \1.8 F° 
1 Ae x 10-3 aa) 1c ) ( 
(Ibmole)(G°) (°C) / \1.8 F° 


Cy Btu _ 6.86 +. 0.96 X 10-% 


(Ibmole) (F°) 


(Note that the heat capacity is numerically the same in the two systems 
at the same temperature.) 
g. Find the constants for C, in Btu/(lbmole)(F°) and ¢ in °F. 


C, Bt 86 B 5: - 
> Btu 6.86 ay + (gee ae (§ 32) 6) 











(Ibmole) (F°) va (Ibmole) (F° (Ibmole) (F°) (°C) 1.8 
Cy Bivins | Z 


h. Using the equation in part g, calculate the Btu to heat 1 Ibmole from 
100 to 200°F. 
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Q = (6.84)(200 — 100) + (44)(0.53 x 10~*) (200? — 100?) 
_ 692 Btu 
~ |bmole 


(This answer is the same as obtained in part d.) 
i. Find the constants for C, in Btu/(Ibmole)(R°) and T in °R. 


C, Btu _ ( 6.84 Btu )C Vig 
(Ibmole)(R°) ~~ \(bmole) (F°) ie) 
0.53 X 10-* Btu\ /1 F° 
+ (tomas) (ee) «F ~ 4200) 


Cy Btu___ 6.60 +. 0.53 X 107 


(Ibmole)(R*) 
j. Find the constants for C, in cal/(gmole)(K°) and T in°K. 
Cy,cal ( 6.60 Btu ) (Be) ( 1 cal/gmole ) 
(gmole) (K°) (Ibmole)(R°) K° 1.8 Btu/lbmole 
2 a" ° 
+ GimateroeseT) (x) 0-8 (rs Braltbnok) 
= 6.60 + 0.96 K 10°°T 





Cs cal 
(gmole) (K°) 


(This is the equation with which we started.) 
k. Calculate the heat capacity at 212°F (100°C) using several of the 
above equations. 


C, = 6.60 + (0.96 X 10-*)(373) = eee 
C,, = 6.86 + (0.96 X 10-%)(100) = Pani tee 
C, = 6.84 + (0.53 X 10-)(212) = Tec 
C, = 6.60 + (0.53 X 10-*)(672) = Tye 
C, = 12.3 + (1.73 X 10-8)(100) = Tes 
C, = (1.8)(6.95) = CF 


The values are in agreement except for ‘‘rounding-off”’ errors. 
There are numerous points to be made from a study of this example: 
1. The units of the constants are important when making conversions. 
Particularly, simplifications are brought about by the use of the two 
symbols, such as °K and K°®, representing temperature and difference in 
temperature. See part a. 


102 STOICHIOMETRY FOR CHEMICAL ENGINEERS 


2. An amount of heat is obtained by simple integration. For this case, 
T2 - 2 

g-n | C,dT = yy [ar - Cay ries Cla a 13) 405 aM 
Ti 


See part 6. 

3. When converting constants from one system to another, the factors 
1 K° = 1C° ~ 1.8 F° = 1.8 R® are used for temperature differences. 
Direct conversions are used for temperatures, as for example: 


°C + 273 for T°K 
°F — 32 fy 
ars ext for t C 
T°R — 460 for t°F 
aT, woror- 2) 


See parts c, e, f, g, 1, and j. 

4. The factor (1.8 Btu/Ibmole)/(cal/gmole) should be memorized. It 
will be used extensively in heat-balance work. See parts d and e. 

5. At the same temperature the point value of C, is the same in both 
systems of units. See parts f and k. 

6. Although the numerical values of C, in Btu/(lbmole)(F°) and 
cal/(gmole)(C°) are the same at the same temperature, the constants in 
the equations are different. Compare the equations in parts 7 and j, c 
and g, and the values in part k. 

7. At a given temperature the C, in Btu/(Ibmole)(C°) is 1.8 times the 
value in Btu/(lbmole)(F°), since 1 C° is 1.8 times as large as 1 F°. See 
parts e and k. 

The last observation is the basis of definition of another heat unit 
occasionally used. This is the centigrade heat unit (Chu), sometimes 
called “pound centigrade unit’’ (Pcu), defined as 1.8 Btu. With this 
definition the heat capacity is numerically the same when expressed in 
Btu/(lbmole)(F°), cal/(gmole)(C°), or Chu/(Ibmole) (C°). 

As mentioned previously, it is often possible to estimate an average 
heat capacity for solids and liquids and to treat this as a constant over a 
temperature range. In such cases, 


Q= [,, Cod? = Cy(T2 — 71) (4-33) 


where C, denotes the mean value. 


In the case of gases, the heat capacity varies too much to choose a 


value from a table or plot and assume this value constant. Consider the 
following example: 
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Example 4-4. For CO, at atmospheric pressure, 


Btu 
(C,) (atta) = 9.00 + ae fl X 10-31°F — 0.256 x 10-*(¢°F)? 
a. How much heat is necessary to heat 1 lbmole from 100 to 800°F? 


ts 
Q= yh C, dt = (9.00)(800 — 100) + (24)(2.71 X 10-%)(800? — 100?) 
— (44) (0.256  10-*)(800% — 100%) = 7080 Btu 
b. What error would result if the point value of heat capacity were used 
for an average value, using the lower, mid-point, and upper temperatures? 


The equation for C;, is first solved; then Q = C,(t2 — t:). The follow- 
ing values result: 





Temperature Oe: Q Per cent error 
100 9.27 6489 —8.3 
450 10.16 7112 +0.5 
800 11.01 7707 8.8 


c. What number, multiplied by the 700-degree temperature difference, 
gives the proper Q of 7080? 


7080 —s-: 110.11 Btu 
700  ~=(Ibmole)(F°) 


The answer to part c is a numerical representation of the mean heat 
capacity, sometimes called the integrated average heat capacity. It is 
defined by 


Q= f,Cpdt = C(t — b) (4-33) 
It may be looked upon as the proper value by which to multiply the 


change in temperature in order to obtain a correct value for Q. For the 
three-term polynomial form, 
alts — th) +9 (a? — bY) + § (Ht = 4) 
C, = 
ot to — ty 
This reduces to 
C,.= a+ : (te + t1) + 5 (to? + totr + 17) (4-34) 





For the two-term form of the polynomial equation, the mean heat 
capacity between two temperatures is numerically the same as the point 
value at the average temperature. The same relationships exist between 
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mean and point heat capacities, regardless of the temperature scales used. 

Obviously, the mean heat capacity would be of little use if it were neces- 
sary to evaluate it first and then uséitina problem. A direct integration 
of the equation for heat capacity vs. temperature would be as easy. 
However, the mean values have already been evaluated for the most 
common gases. 

Reference to the equation for C, shows that it is a function of ¢, and to. 
Therefore, an infinite number of possible equations exists relating C’, to 
temperature. It is customary to fix one temperature, ¢;, and leave f2 as a 
variable. Since most thermochemical data are evaluated at 18, 20, or 
25°C and most industrial data are based on 60 or 70°F, ¢, will almost 
always be one of these. You will note that all of these are close to ‘“‘room 
temperature.’’ With these facts in mind, let us consider further the 
problem of Example 4-4. 

Example 4-5 

a. Determine the constants in an equation for C, for CO. at 1 atm, 
using a base temperature of 18°C (64.4°F). 


C, = 9.00 + (24)(2.71 X 10-8) (¢ + 64.4) 
— (14)(0.256 & 10-*)(¢2 + 64.4¢ + 64.42) 
C, = 9.09 + 1.35 X 10-% — 0.0853 X 10-*? 


b. Compare the point and average values at 64.4°F. 


Cp = 9.00 + (2.71 X 10-*) (64.4) — (0.256 & 10-*) (64.4)? = 9.17 
Cr = 9.09 + (1.35 X 10-*) (64.4) — (0.0853 X 10-*) (64.4)? = 9.17 


c. Calculate the amount of heat necessary to heat 1 lbmole from 100 to 
800°F. 


Oe heat to heat from 64.4 to 800°F — heat to heat from 64.4 to 100°F 
Q = (C'x¢800%) (800 ia 64.4) me (C100) (100 = 64.4) 
= (10.12) (735.6) — (9.27) (35.6) = 7114 Btu 


(This value is about 0.5% higher than the 7080 calculated by direct 
integration in Example 4-4.) 

d. Calculate the amount of heat necessary to heat 1 lbmole from 500 to 
1000°F. 


Q = (Co:10009))(1000 — 64.4) — (Cyc5090,)(500 — 64.4) 
= (10.35) (935.6) — (9.74) (435.6) = 4466 Btu 


Let us now see what information is to be gained from these two examples: 
1. When an equation of C, vs. temperature is available, the heat is 
calculated from 


Q= |" C,at 
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2. It is incorrect to choose either the initial or final temperature as the 
value at which to estimate an average or mean heat capacity. If the heat 
capacity varies greatly and the temperature range is large, the final 
answer may be in error by a large amount. 

3. In all cases where the heat capacity continues to rise with tem- 
perature, the mean heat capacity lies between the values calculated at 
the initial and final temperatures. The C, at the arithmetic average 
temperature may be used if C;, is linear with temperature. Otherwise a 
mean C, or actual integration must be used. 

4. At the base temperature used in evaluating an equation for the mean 
heat capacity, the point and mean values are the same. 

5. Since the mean heat capacity is based on a certain temperature, its 
use is limited to calculating amounts of heat necessary to heat a substance 
from that temperature to another temperature. In case the temperature 
limits do not include the base temperature, it is necessary to calculate the 
heat to heat the substance from the base temperature to each of the two 
limits and to subtract (algebraically) one quantity from the other. This 
is summarized in the equation 


Q = Cray (te — t) — Coay(tr — &) 


where ¢, represents the base temperature. 
6. When one of the temperature limits is close to the base temperature, 
the error introduced by using the equation 


Q = Couy(te — tr) 


is small. In these examples, the average heat capacity between 100 and 
800°F is 10.11, while that between 64.4 and 800°F is 10.12. On the other 
hand, referring to part d of Example 4-5, the use of the simplified equa- 
tion would yield large errors. The correct amount of heat is 4466 Btu. 
Using the average value of 9.74 at 500°F would lead to a value of 4870 
for the quantity of heat. Use of 10.35 at 1000°F gives 5175 Btu. Both 
of these are unacceptable. 

You have seen from these examples that there are several ways by 
which to evaluate heat capacities and quantities of heat. In most cases, 
heat capacities are of little interest in themselves. Their purpose is to 
enable one to calculate heat quantities. The question naturally arises as 
to the best method to use when the several alternatives are available. 
This, of course, depends on the particular problem to be solved—the 
data available, the accuracy desired, whether the problem must be solved 
for only one or for many cases, etc. The following problem will illustrate 
some of these points. 

Example 4-6. How much heat is necessary to heat 1 lbmole of COs: 


106 STOICHIOMETRY FOR CHEMICAL ENGINEERS 
from 200 to 800°F? The following point values of heat capacity are 
available: 

800 


11.01 


400 


10.04 


200 


9.53 


11.45 


10.54 




















CO 


Solve the problem by several methods, and draw any conclusions that you 
feel are valid. 

a. One method is to fit an equation to the values given and then inte- 
grate. A suggested method would be to plot C, vs. temperature, to see 
whether all the points seem reliable or whether some of the points are 
obviously out of line. (Actually, the best method would be the method of 
least squares, which would give the best statistical fit of the data.) 
Then the form of the equation to be fitted must be arbitrarily determined. 
With most gases the three-term polynomial form should be used. 

When the data given in this problem are plotted, a smooth curve 
results. Choosing three temperatures and writing equations for C,, 
the constants in the equations may be determined: 


t = 0: C,=9.00=a+0Xb+0xXe 
t = 400: C, = 10.04 = a + 400b + 4002c 
t = 1000: Cy, = 11.45 = a + 1000b + 10002 


Solving simultaneously, 


C, = 9.00 + 2.71 X 10-% — 0.256 x 10-542 








and 
800 2.71 X 10-3 
Q= |, Cydt = (9.00)(800 — 200) + (22 ce) (800? — 2002) 
0.256 X 10-8 
ss ( ox 10 ) (800? — 200%) = 6170 Btu 


b. If desired, you can derive an equation for mean heat capacity, and 
use it to calculate heat quantities. From the previous illustration, the 
equation 


C, = 9.09 + 1.35 X 10-%t — 0.0853 & 10-82 


was derived for a base temperature of 64.4°F. The solution in tabular 
form is 





Temperature as (C,)(t — 64.4) 
800 10.12 7443 
200 9.36 1268 


eee eh pane Oe 
Q = 7443 — 1268 = 6175 Btu 
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c. The method of graphical integration is always valid. In order to 
determine the integral of C,, dt, Cp is plotted on the y axis vs. t on the z axis 
on rectangular graph paper. A smooth curve is drawn through the 
points. The area under the curve between the limiting temperatures is 
the heat. In this problem, if C, is plotted vs. ¢ on “millimeter” graph 
paper and the scales are graduated so that 1 cm in the y direction cor- 
responds to one unit of C, and 1 cm in the z direction corresponds to 
100 F°, then each square centimeter has a value of 100 X 1, or 100 
Btu/lbmole. The area under the curve between 200 and 800°F is 61.7 
squares, and, therefore, Q = 6170 Btu. 

d. Numerical integration of C, dt is often preferable to graphical inte- 
gration, since it is less time-consuming. Numerous methods are available. 
Again it is not within the scope of this text to describe them in any 
detail. The most convenient and frequently used method is to assume 
C, linear in temperature over small temperature ranges. Then, in each 
range, ? 

Q= Cy(te — h) 


where C, = (14)(Cpi + Cpa). For example, to heat 1 lbmole from 
200 to 400°F, i 
C, = (14)(9.53 + 10.04) = 9.785 


and Q = (9.785)(400 — 200) = 1957 Btu. 
The total heat is the sum of all such quantities over the entire range. 
When the intervals are equal, then 


Q = (te — 4) (4%) (Coty + Cou») + (ts — te)(22) (Cow + Coun) + °° °° 
or 
Q = (At)(KCpwy + Cow + °° + Coun» + Coren) 


where C,u,) is the value at the final temperature. You may recognize 
this as an example of the “trapezoid rule.” 
In this problem, 


Q = (200) es + 10.04 + 10.54 + oy = 6170 Btu 


e. In some cases, it is advantageous to make a plot of enthalpy vs. 
temperature. We have shown that 


AH = |" C, dt 


along a constant-pressure path. Also, we could say that 


AH = C, At 
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Establishing any base temperature, we could tabulate or plot H vs. t, 
where 
H = [ °C, dt 
and H = 0 when ¢t = bh. 
In this problem, for example, we could choose 64.4°F as a base value 
and use the mean heat capacities already determined. Or we could 
choose 0°F (or any other temperature). Using 0°F, 


71 X 10-4 0.256 X 10-8 
H = 9.00¢ — 0) + 2% 20" (# — 9) - A 


H = 9.00¢ + 1.355 X 10-*? — 0.0853 X 10~°t? 


(t® — 0) 


Some tabulated values are 


0 200 400 600 800 1000 























A Biwyinmioles orcs was 0 3811 5869 8024 


Then Q = 8024 — 1853 = 6171 Btu. 

The example shows several methods of handling the problem. The 
question now is, ‘‘ Which one should I use?”’ The answer is determined 
by several factors, as mentioned earlier. Certainly the easiest one is 
illustrated in part e, where two factors are chosen from a table or plot, and 
one value is subtracted from another. This method depends on having 
the plot available, however, and it may be necessary first to establish 
the equation for the point or mean heat capacity. The method using 
the mean heat capacity (part b) is also easy, particularly if there is an 
equation or plot available. The method of analytical integration (part 
a) is simple, again if the equation is available. If it is necessary to 
fit an equation first, however, in order to use any of these methods, then 
the methods of graphical or numerical integration (parts c and d) are 
preferable. 

The conclusions are therefore to use numerical or graphical integration 
where C, values are tabulated vs. temperature and where only a few 
cases are to be solved. Where the solutions to many cases are desired, 
then it is best to fit an equation to the data. The simplest methods of 
obtaining heat quantities, based on the availability of an equation for 
C, vs. t, are, in order, (1) the use of an enthalpy plot or tabulation, (2) 
the use of mean heat capacities, and (3) analytical integration. 

Constant-volume Heat Capacities. Heat capacities were introduced 
by the equation 


1853 10,270 


dQ = Cdt (4-23) 
as a proportionality factor relating rise in temperature and amount of 
heat. It was stressed that the amount of heat when heating a substance 
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from one temperature to another is dependent on the path of the process. 
The illustrations of the past few pages have been devoted to a discussion 
of C,, the heat capacity at constant pressure. 

Theoretically an infinite number of processes can be devised, thus 
defining an infinite number of heat capacities for every substance. Only 
two paths involving the use of heat capacities are of practical importance 
—constant pressure and constant volume. Thus, for a constant-volume 
process, 

dQ = C,dt (4-35) 
and Q = JC, dt along a constant-volume path. 

For a constant-volume batch process, 


dU = dQ —dW = dQ (4-20) 
and thus Cus (2) (4-36) 


We do not need to discuss the mathematical treatment of C, in any 
detail. Methods of expression, conversion, integration, and treating 
mean values are identical with methods involving C,. Some attention 
must be given to numerical values, however, and the relationship of these 
values to C,. Consider this problem: 

Example 4-7. Liquid water has the following properties: 





Prenat Saturated Compressed Saturated Compressed 
bailed liquid liquid liquid liquid 
Ps ae re aa ae 32 32 100 100 
Why DRI aoe eeteeere en 0.08854 0.9492 0.9492 2000 
Peat Gny Whe ck varies OFO016022755 |e, eee 0.016132 0.016022 
Je GaleiniWAloe nm sme sac 0 0 67 .97 73.94 








Calculate mean C, and C, values between 32 and 100°F. 


Solution 
= AH _ 67.97 —0 _ 1.00 Btu 





¢. Ce = Kr = 300 — 32 ~ (Ib)(F*) 
; _ AU _ AH — A(pV) 
eh ae, © Al 
94 Bt 
Bi 73,04 ante ues = 
ft3 lb 1 Btu ) 
_ 5.93 Btu 
— Tb 
; _ 73.94 — 5.93 Btu 


Therefore, C, = PTA o.oo LM) (Ib) (F°) 
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The problem illustrates numerically a statement which is acceptable 
in practically all engineering applications: For liquids and solids the heat 
capacities at constant pressure and at constant volume may be assumed equal. 
(This statement may become invalid at extremely high pressures.) 

Note in the problem solution that, in calculating C,, H values were 
chosen at the same pressure; in calculating C,, U values were chosen at the 
same specific volume. Reasonably small pressure changes have little 
effect on the enthalpy of a liquid or solid and usually do not affect the 
specific volume appreciably. Both values given for 32°F are the same, 
within the accuracy of the available tables, and for the number of sig- 
nificant figures carried. On the other hand, the two H values for 100°F 
are quite different; in this case the two pressures are essentially zero and 
1 ton/in.?. 

The situation with gases is quite different. There is a distinct differ- 
ence between the heat capacities at constant pressure and constant vol- 
ume. Consider these cases: 

Example 4-8. A perfect gas with a mean heat capacity of C, is heated 
from T, to 7». Calculate C, for this gas; i.e., find a relationship between 
the heat capacities at constant volume and constant pressure. 

Solution 

Basis: 1 mole. If the gas is heated at constant pressure, 


AU=Q—-W=C,AT—W=AH—W 
i | pav = pAV = pa (2F) = RAT 
Therefore, AU = (C, — R) AT for a constant-pressure path 


If the gas is heated at constant volume, 
AU=Q-W=Q=C,AT for a constant-volume path 


In order to answer the question, we must state here another property of 
perfect gases: The internal energy and enthalpy of perfect gases are functions 
of temperature only and are in no way dependent on pressure. 

On the basis of this statement and the above equations, 


AU = ¢, AT = (G4, — R) AT 


regardless of pressure changes. Thus, 


C= 0; —R (4-37) 
On a differential basis, 


aU = C, dt = dH — d(pV) = (C, — R) dT 
and C,=C,—-—R (4-38) 


The relationship between C, and C, is valid for perfect gases only. 
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Real gases show varying effects of pressure on internal energy and 
enthalpy. For most practical cases we will assume the relationship to 
hold. Even at worst it is a fairly safe method of estimating C, from C, 
data. 

Example 4-9. CQO: at low pressure has a heat capacity, in Btu/(lb 
mole) (F°), of 


C, = 9.00 + 2.71 X 10-% — 0.256 K 10-%¢? 


For both constant-pressure and constant-volume heating from 0 to 
200°F in a batch process, calculate Q, W, AU, and AH. 

Solution 

Basis: 1 mole 

a. Constant-pressure heating: 


200 
Q=AH = [ C, dt 


Q = (9.00)(200 — 0) + (Gass (2002 — 02) 
o (Ge 4 as (200° — 08) 
Q = 1854 Btu 


W = pdV = pAV = RAT 
W = (1.99)(200 — 0) = 398 Btu 
AU = Q — W = 1456 Btu 
b. Constant-volume heating. Since U and H depend on temperature 
only, 
AU = 1456 Btu 
and AH = 1854 Btu 


At constant volume, 
W=0 
Q = AU = 1456 Btu 
We may also calculate Q from 
O= [C, dt 
since C, = Co hk = C, — 1.99 
C, = 7.01 + 2.71 X 10-*t — 0.256 XK 10-*?? 


Latent Heat. The discussions of the past few pages have dealt with 
sensible heat, the heat associated with a change in temperature of a sub- 
stance without a change in phase. Another important heat quantity is 
latent heat, the heat associated with a change in phase without a change in 
temperature. 

The most common examples of phase change are the melting of a solid, 
the vaporization of a liquid, or the change of a solid from one crystalline 
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structure to another. All these processes occur at constant temperature 
(and pressure, in the case of pure substances), and each has its own 
characteristic heat effect. These heat effects are known as heat of fusion 
(melting of a solid), heat of vaporization (vaporization of a liquid), and 
heat of transition (change of one solid phase to another, such as monoclinic 
to rhombic sulfur). Occasionally a solid, such as carbon dioxide (dry 
ice), will vaporize directly to the gaseous phase, a process called sublima- 
tion. The heat effect associated with this is called the heat of sublimation. 

It is not within the scope of this text to consider methods of correlation 
of latent heats. Many theoretical and empirical equations are available. 
The origin and use of these relations are best considered in a course in 
physical chemistry. 

We are interested at this point, however, in how to use latent-heat 
quantities. Let us first consider which variables of those we have studied 
are the important ones in this case. 

For the present we shall consider phase changes of pure substances only. 
In such a case the melting, transition, sublimation, and boiling points are 
dependent on only one variable. This variable can be either temperature 
or pressure. If one is arbitrarily chosen, the other is fixed. For exam- 
ple, when we say the boiling point of water is 212°F, we mean that water 
boils at this temperature when the pressure isl atm. If another pressure 
is chosen, say 50 psia, the water boils at a different temperature, in this 
case 281°F. Thus we may state that latent heats are functions of tem- 
perature or pressure, but not of both, when we are considering a pure 
substance. 

When a substance is heated or cooled, this process may continue for 
some time with a steady change in temperature and no phase change. 
When a saturation condition is reached, as for example 212°F at 1 atm 
in the case of water, the phase change occurs at constant temperature and 
pressure. From the previous equations, we may say that the heat effect 
is properly represented by a change in enthalpy, or 

Q = AH (4-21) 
For purposes of identification, the symbols for the various latent heats 
are sometimes given subscripts: AH, for heat of fusion, AH, for sublima- 
tion, AH; for transition, and AH, for vaporization. The symbols L, 
r, A, and 2 are also sometimes used instead of AH. 

Appendixes C, F, and J contain tables relating latent-heat quantities, 
temperature, and pressure for numerous common substances. Let us 
now consider the use of this reference material in problem solution. 

Example 4-10 

a. How much heat is needed to convert 1 lb of liquid water at 1 atm 
and 32°F to steam at 1 atm and 260°F? Use only the following informa- 
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tion: C, of liquid water is 1 Btu/(lb)(F°), C, of water vapor is 0.47 
Btu/(Ib)(F°). The 4H, at 1 atm (212°F), read from the tables, is 970.3 
Btu/lb. 

Solution. If the water is heated and converted to steam at constant 
pressure, we may write 


Q = AA = (Cpaigy) (212 — 32) + AH, + (Cpvvap) (260 — 212) 
Q = (1)(180) + 970.3 + (0.47)(48) = 1173 Btu 


b. If liquid water at 32°F and 1 atm were assigned an enthalpy of zero, 
what would be the enthalpy of steam at 1 atm and 260°F? 

Solution. Since Q = AH = H, — Mi, if Hy (at 32°F) is made zero, 
then H» (at 260°F and 1 atm) is 1173 Btu/lb. 

c. Assuming steam to be a perfect gas at low pressures, what is the 
enthalpy of steam at 260°F and its saturation pressure, 35.4 psia? 

Solution. We make use here of the fact that the enthalpy of a perfect 
gas is a function of the temperature only. In such a case, the enthalpy of 
steam would be 1173 Btu/lb at 260°F and 35.4 psia. The value read 
from tables is about 1167 Btu/Ib. 

d. Assuming that C, for liquid water is 1.0 at 35.4 psia, that the 
enthalpy of liquid water at 32°F and 35.4 psia is zero, and that the 
enthalpy of water vapor at 260°F and 35.4 psia is 1167 Btu/lb, calculate 
the heat of vaporization of water at 35.4 psia. 


Solution 
AH = (Cpaiay) (260 — 32) + AH, = 1167 —0 = nee 
AH, = 1167 — 228 = en 


The value read from the tables is 938.7 Btu/Ib. 

Study the example carefully to make certain you know how each value 
taken from the tables was found. Note that we treat enthalpy as an 
additive quantity. Note that the units of enthalpy are energy /mass 
(Btu/lb, for example) and that sensible heats are obtained as a product 
of heat capacity and temperature difference, while latent heats are already 
enthalpy quantities. Another important point brought out in the 
problem, part c, is that, even in the range below 3 atm, steam does not 
behave as a perfect gas, since its enthalpy is a function of pressure as well 
as temperature. 

Example 4-10 contains a suggestion of the next principle to be explored. 
In order to avoid complications, the next example considers steam in a 
region where it may be assumed a perfect gas. 
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Example 4-11. The enthalpy of liquid water at 32°F and 1 atm pres- 
sure or less is 0. The enthalpy of steam at 500°F and 10 psia or less is 
1288 Btu/lb. The mean heat capacities of liquid and vapor may be 
assumed constant at 1.0 and 0.47, respectively. Given the following 
relationships between pressure and boiling point, calculate the heat of 
vaporization at these pressures: 


1 5 10 


Dy DSLR eee erat 











101.7 162.2 193.2 


where t, = saturation temperature. 
Solution. In each case, 


AH = (Couia) (te — 32) + AH, + (Cotvep)) (500 — t,) 








Therefore, AH, = 1288 — (1)(t, — 32) — (0.47)(500 — #,) 
Substituting values of ¢,, we obtain 

Dy: PHA en ea tae, 1 5 10 

TM 2 op, VoL ty MNO Scarce cesicus — 999 983 








The tabulated values are 1036, 1001, and 982 Btu/lb, respectively. 

Example 4-11 illustrates a principle which will be used in practically 
all the further work in thermophysics and thermochemistry. We should 
explore its implications thoroughly. 

If you will review some of the earlier treatments of the first law, you 
will recall that, subject to the important restrictions which apply in most 
cases, we were able to say that a quantity of heat was equal to a change in 
internal energy or enthalpy. Such equations are useful or purely aca- 
demic, depending on whether or not we are able to determine changes in 
UorH. Recalling some of our earlier discussion, the quantities U and H 
are properties of the material under consideration. A property is 
definitely fixed by the state of the system. In most cases, specifying the 
pressure, temperature, and composition of a system fixes all the proper- 
ties. Thus, the derived equations are useful, as long as we have a method 
of finding the relations between U, H, and the quantities p, T, and com- 
position. We have already shown how H may be determined if heat 
capacities and latent heats are known. 

We have also shown that Q depends on the path of a process. How- 
ever, when we write Q = AU for a constant-volume batch process or 
() = AH for a constant-pressure batch process or a flow process, the 
actual values of AU or AH are entirely independent of path, and thus any 
convenient method may be used for calculating the change in these properties. 
Only the end points of the hypothetical path must agree with the end points 
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of the real path being analyzed. We might draw a fairly accurate analogy 
between this and material-balance problems. You can solve any 
material-balance problem, given enough end conditions; the actual size, 
shape, and type of equipment, and internal conditions, which certainly 
determine the path of a process, do not enter into the stoichiometric 
calculations. 

Practically, what does the above discussion mean? It means that, 
once you have established in a problem that Q is AU or AH, you may 
choose any path by which to evaluate the change in U or H; when several 
paths are possible, you choose the one which is easiest to evaluate or the 
one which gives the most accurate results. 

The following examples illustrate the use of this principle: 

* Example 4-12. One pound of ice at 32°F and 5 lb of water at 80°F are 

mixed and allowed to stand in an open container inaroom. Eventually 
all the ice melts and the entire mixture is at 70°F. How much heat is 
added to (or removed from) the water and ice? ‘The heat of fusion is 
80 cal/g. 

Solution. The process is constant-pressure batch. Therefore Q = AH, 
and the heat added to or removed from the ice and water may be calcu- 
lated by finding the AH. Let us consider two paths. 

a. We may assume that the ice and water are mixed with no addition of 
heat. After they reach an equilibrium temperature we may then heat 
(or cool) the 6 lb of water to 70°F. (This assumes that all the ice is 
melted.) In this case, for the mixing without heat transfer with the 
surroundings, 

AH — 0 — AF ice si Bel oat — 
(wt ice)[AH, + (C,)(t — 32)] + (wt water) (C,)(t — 80) = 0 


80 cal) (1.8 Btu/Ib pet Mean» 
(1) (2) (SBE) + (1) — 32) | + (5)(1)(¢ — 80) = 0 


From this, t = equilibrium temperature = 48°F. 
Now, to heat the water to 70°F, 


1 Btu 


fee) (70 ai 48) F° =*132 Btu 


AH = (6 lb) ( 
For the two steps, 
AH = 0 + 132 = 132 Btu = Q = heat added to the system 
b. Assume the ice and water brought independently to 70°F. 


For the ice: AH = AH; + (1)(70 — 32) = 182 Btu 
For the water: AH = (5)(1)(70 — 80) = —50 Btu 
Over-all: AH = 182 — 50 = 132 Btu = Q = heat added to system 


Example 4-13. Using the fact that the enthalpy of a perfect gas 
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depends on temperature only and not on pressure, prove that C, and C, 
are also functions of temperature only. , 

Solution. Assume that 1 lbmole of a perfect gas is heated from T to 
T's, at some pressure, 2, where the C; is unknown. We know that, at po, 


AH, = |. C»,aT 


We may choose any path by which to evaluate AHp,. Assuming that C, 
is known at pressure pi, we may follow this path: 

1. Change the pressure isothermally at T: from pz to pi. AH = 0 for 
this step. 

2. Heat the gas from 7; to T2 at pressure 71. 


wtp a C,, aT 


3. Change the pressure at constant 7, from p, to po. AH = 0. Since 
we have gone from ps, 71 to po, T'2 by three steps, the sum of the AH’s 
for these steps is also AH,, (note that the end points are the same). Thus 


AH;, = AH,, = [°° C,,dT = [0 "Cp, aT 


Thus we may conclude that Cy, = C>,,, or Cp is independent of pressure 
for a perfect gas. Since, for perfect gases, C, = C, — R, we have also 
shown that C, is independent of pressure. 


THERMOCHEMISTRY 


The chapter up to this point has been devoted to a discussion of 
physical changes—the heat and work effects associated with changes in 
temperature, pressure, and phase of pure substances or of constant- 
composition mixtures. We have shown that, for most cases of importance, 
certain simplified equations are of sufficient accuracy; the usefulness and 
limitations of these equations have been described in detail. 

We need now to consider cases where chemical reactions take place. 
In order to do this, let us first review some of the basic equations. For 
batch, or nonflow, processes we have the equation AE = Q — W. When 
potential, kinetic, and other miscellaneous forms of energy are absent (or 
at least do not change), we may substitute internal energy for total 
energy. This gives us the equation AU = Q— W. Qand W are terms 
which have already been carefully defined; they represent energy inter- 
change with the surroundings. AU represents the change in the internal 
energy of the system between two times. A careful look at the derivation 
of the equation should reveal that it is valid for any type of batch process, 
whether the changes occurring are chemical or physical in nature. Thus we 
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may immediately state the equations for the practical cases of interest: 
For a constant-volume batch process with no work 


Q = AU (4-20) 
For a constant-pressure batch process with no work 
Q = AH (4-21) 


Similar reasoning, applied to steady-state flow processes, leads to the 
equation Q’ — W; = AH, where the Q’ and W; are exactly as previously 
defined. Again, when there is no flow shaft work, 


Q’ = AH (4-25) 


It is important to note here that AH represents an enthalpy change with 
position, i.e., a difference between two enthalpies at different places within 
a process flow line. 

Knowing that the above equations may be used for both physical and 
chemical changes, you may logically ask what information is needed in 
order to solve problems. Suppose that we analyze a simple process to 
establish the nature of the desired information. 

Example 4-14. What heat effect is associated with the burning of 
(a) carbon and (b) sulfur? 

Solution. The question as stated lacks most of the information needed 
for a numerical solution. Let us reason out these missing items and make 
suitable assumptions: 

1. The process is not stated. Since the heat effect may be either an 
internal-energy or an enthalpy change, we must establish the path. 
Assume a constant-pressure batch process. 

2. Initial states are not given. Carbon may exist in numerous states, 
such as diamond, graphite, coke, and lampblack. Assume that we are 
burning graphite. Sulfur may exist as one of several solid states, as 
liquid, or as vapor. Assume solid rhombic sulfur. In addition to the 
structure or phase of the sulfur and carbon, we must know the initial 
temperature and pressure. Assume 25°C and 1 atm pressure. 

3. The oxygen source and state are not given. We could use pure 
oxygen or air, or perhaps some other combination of oxygen and non- 
reacting gas. The relative amount of oxygen must also be given. 
Assume the stoichiometric amount of pure oxygen gas at 1 atm and 25°C. 

4. The final temperature is not given. (Pressure is given in defining 
the process as constant-pressure batch.) Assume that heat is added or 
removed so that the final temperature is also 25°C. 

5. The products and degree of completion of the reaction are not given. 
Both carbon and sulfur form more than one oxidation product. Assume 
that all the carbon forms CO, and all the sulfur forms SOs. 
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6. Amounts are not stated. Assume 1 gmole of carbon and 1 gmole of 
sulfur. 

From the above it is evident that the statement of the problem should 
be as follows: What heat effect is associated with the burning of 1 gmole 
of (a) carbon and (b) sulfur when both the products and reactants are at 
25°C andlatm? The process is constant-pressure batch. The carbon is 
initially in the form of graphite, and the sulfur is solid rhombic crystals. 
The stoichiometric amount of pure oxygen is used. Both the carbon and 
sulfur are completely oxidized to their highest oxidation states, that is, 
CO, and SO3. 

The problem is now completely defined and may be solved. First, 
from the type of process and the restrictions placed upon it, we may 
write 

O'= AH 


Next, we should write the chemical equation: 
C a Oz — CO, 


This is adequate to define the reaction, but from the standpoint of solving 
thermochemical problems, it should be written as follows: 


C(graphite, 1 atm, 25°C) + O2(g, 1 atm, 25°C) = CO.(g, 1 atm, 25°C) 


In this equation the symbol g is used to indicate the gaseous state. 
(Similarly we shall use s for solid and / for liquid.) The heat effect is now 
calculated from an enthalpy change: 


AH = H of CO.(g, 1 atm, 25°C) — H of 
C(graphite, 1 atm, 25°C) — H of O2(g, 1 atm, 25°C) 


The analysis has reduced the problem to one of determining the 
enthalpies of C, Oz, and CO: at the stated conditions. These may be 
determined only by experiment. Fortunately, all the basic experimental 
work has been done, and numerical results are tabulated. Some of these 
results are listed in Appendix G as heats of formation. The heat of forma- 
tion of a substance is the enthalpy change associated with a reaction when the 
reactants are initially in their elemental form at some specified temperature 
and pressure and the products are obtained at the same temperature and 
pressure. The usual conditions of temperature and pressure are 18, 20, 
or 25°C, and 1 atm, since these are closest to “room conditions” and thus 
easily attainable in the laboratory. Heats of formation obtained under 
these “standard” conditions are usually called standard heats of formation. 

Now you see that you are asked for nothing more than the heat of 


formation of CO2, at 1 atm and 25°C. From the table, the value is 
— 94,052 cal/gmole, 
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The same analysis applies to the heat effects from burning sulfur. In 
this case the thermochemical equation is 
S(thombic, 1 atm, 25°C) + 340.(g, 1 atm, 25°C) = SOs(g, 1 atm, 25°C) 
From the table, the standard heat of formation of SO; is —94,390 
cal/gmole. 

In both cases the AH is negative. Since Q = AH, Q is negative. 
According to definition, heat is released when Q is negative. You know 
that this is correct, since both of these are oxidation (combustion) 
reactions, and heat should be given off. 

If the heat of reaction, equal to the heat of formation of CO: (or SOs), 
in the problem is also equal to the difference in enthalpies of COz2 (or SO;3) 
and the elements, it is clear that pure elemental substances must be 
assigned enthalpy values of zero. Reference to the table shows that 
oxygen, graphite, and rhombic sulfur all have zero enthalpy at 1 atm and 
25°C. These values are set at zero by definition. In making heat bal- 
ances we are always interested in enthalpy changes. Calculations are 
simplified by making as many values as possible equal to zero. 

Next, let us consider a problem where compounds appear on both sides 
of the equation. 

Example 4-15. What heat effect is associated with the burning of 
1 gmole of CO to CO, with the stoichiometric amount of pure oxygen in 
a constant-pressure-batch process at 1 atm and 25°C? 

Solution. For this process, Q = AH. From the reaction, 


CO(g, 1 atm, 25°C) + 440O2(g, 1 atm, 25°C) = CO.(g, 1 atm, 25°C) 
AH = H of CO.(g, 1 atm, 25°C) — H of CO(g, 1 atm, 25°C) 
— 16H of O.(g, 1 atm, 25°C) 


We have already stated that, at standard conditions, enthalpies in this 
equation are enthalpies of formation. Thus 


ANS = AH; of CO, — AH; of CO — l6AH, of O2 


(using subscripts r for “reaction”? and f for “formation”). From the 
table, 


— 67,636 cal 


Again the enthalpy change, equal to heat added, is negative; thus heat is 
evolved, as must be true for a combustion reaction. 
Now let us consider some of the implications of the example. Since 


AH, of Oz is zero, 
AH, = AH; of CO2 — AH; of CO 


Suppose that we write the chemical equations for the formation of CO 
and CO:: 
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C(graphite, 1 atm, 25°C) + 140.(g, 1 atm, 25°C) = CO(g, 1 atm, se 
C(graphite, 1 atm, 25°C) + O2(g, 1 atm, 25°C) = CO.(g, 1 atm, 25°C) 


Dropping the descriptive terms, reverse the first equation and add: 


coO=C+ 40, 
C + O2 = COz 
CO + 402 = COz 


The sum is the desired reaction. AH for the first reaction is —AH; of CO; 
that for the second is AH; of COz. If we add these, we obtain 


AH, = AH, of CO2 — AH; of CO 


We have just illustrated one of the most important principles of thermo- 
chemistry: When a desired chemical reaction can be written as a sum of two 
or more other reactions, the enthalpy change for the reaction is the sum of 
the enthalpy changes of the reactions which have been added. 

When adding chemical reactions, it is essential to carry along the 
information about the temperature, pressure, and phase composition. In 
the preceding discussion, the terms ‘‘g, 1 atm, 25°C” were dropped only 
after there was no possibility of confusion. 

When the heat of formation was introduced, we described the “stand- 
ard’’ heat of formation and defined it as an enthalpy change associated 
with the formation of a compound from its elements. Pressure and tem- 
perature conditions of both the reactants and products were definitely 
fixed. Satisfactory standards, such as 1 atm pressure and “‘room tem- 
perature,’ were described. The concept of a standard enthalpy change 
is valid also for reactions such as the one described in Example 4-15, 
where compounds appear on both sides of the equation. The standard 
enthalpy change for any reaction is called the standard heat of reaction. 
For convenience we may speak of heats of certain types of reaction, such 
as heat of formation (Example 4-14), heat of combustion (Example 4-15), 
or heats of isomerization, solution, neutralization, and the like. These 
special names should not be allowed to confuse the issue; all of these are 
heats of reaction. 

The principle that the enthalpy change of any reaction is the sum of 
the enthalpy changes of all the reactions which may be added to obtain 
the reaction means that we do not have to measure experimentally the 
heat of formation of every compound. This is often difficult to do, 
particularly with organic reactions where numerous products may be 
obtained from the same reactants. As long as we know the heat effect of 
one reaction of each compound appearing in an equation, we can usually 
calculate the heat effect for the reaction. In the usual case these heat effects 
are heats of combustion. Example 4-16 shows the procedure. 
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Example 4-16. When benzene liquid is completely burned to carbon 
dioxide and liquid water, the standard heat of combustion is — 780,980 
cal/gmole. The standard heat of combustion of hydrogen to liquid 
water is — 68,317 cal/gmole, that of carbon to CO; is — 94,052 cal/gmole. 
Calculate the standard heat of formation of benzene liquid. 

Solution. In equation form the information we have is this: 


(1) CeHe(l, 1 atm, 25°C) + 15402(g, 1 atm, 25°C) 
= 6CO2(g, 1 atm, 25°C) + 3H.O(I, 1 atm, 25°C) 
AH. = —780,980 cal 
(2) H2(g, 1 atm, 25°C) + 1402(g, 1 atm, 25°C) 
= H.O(l, 1 atm, 25°C) AH; = —68,317 cal 
(3). C(graphite, 1 atm, 25°C) + O.(g, 1 atm, 25°C) 
= CO.(g, 1 atm, 25°C) AH, 


We should like the heat effect for the reaction 
6C(graphite, 1 atm, 25°C) + 3H2(g, 1 atm, 25°C) = CeH,(I, 1 atm, 25°C) 


— 94,052 cal 


Noting that the descriptive terms for each compound or element are the 
same in all equations, we may drop these terms safely. If we reverse 
reaction 1, add 3 times reaction 2 and 6 times reaction 3, these should add 
up to the desired reaction. Then the heat effect of the desired reaction 
should be the sum of the negative of reaction 1 plus 3 times reaction 2 
plus 6 times reaction 3: 


6CO, + 3H.0 = 15402 4. CeHe — (—780,980) 
3H, “I 3402 — 3H20 3(— 68,317) 
6C + 602 = 6CO, 6(— 94,052) 
6C + 3H2 = CcHe +11,717 


Thus the standard heat of formation of liquid benzene is 11,717 cal/gmole. 
Note that we have been careful to specify the pressure, temperature, 
and phase of the various compounds and elements. In some cases this 
causes little trouble; in most engineering problems oxygen is a gas, for 
example. However, such materials as water and benzene may be either 
liquid or vapor within the ordinary range of engineering practice and 
solids such as sulfur and carbon may easily appear in more than one 
crystalline structure. Special precautions must be taken in such cases. 
Tables of heats of formation and combustion usually contain values 
for more than one phase in such cases. For water, for example, the 
heat of formation of liquid water is —68,317 cal/gmole, and the heat of 
formation of water vapor is —57,798 cal/gmole. Both of these values 
are for the product (water) at 1 atm and 25°C. For benzene the heats of 
formation are 11,717 and 19,820 cal/gmole for liquid and gas, respectively. 
However, a substance cannot exist as both liquid and vapor at a fixed 


122 STOICHIOMETRY FOR CHEMICAL ENGINEERS 


temperature and pressure, unless it is at its vapor pressure. Thus, for 
water with a normal boiling point of 100°C and benzene with a normal 
boiling point of 80.1°C, the only phase which can exist at 25 C is liquid. 
This means that the values for the heats of formation of liquid water and 
benzene agree with experimental fact, whereas it would be impossible to 
form the vapors of these substances under standard conditions. The 
heats of formation in the vapor phase are obtained by adding the heat of 
vaporization at the vapor pressure and the standard temperature to the 
standard heat of formation of the liquid. The difference between the 
heat of formation of the vapor calculated in this manner and the imagi- 
nary, or ‘‘fictitious,”” value used in thermochemical calculations amounts 
to the enthalpy change for compressing a liquid or for changing the pres- 
sure on a gas in the range of 1 atm. In both cases this is negligible. 

The heat of formation of the liquid is algebraically less (more negative) 
than that of the vapor. This means that more heat would be released 
(or less absorbed) from forming a liquid than a vapor; this difference is 
the heat of vaporization. In the case of combustion of fuels containing 
hydrogen, the heat of combustion may be reported on the basis of form- 
ing liquid or vapor water. The heating value when liquid water is a 
product is called the gross or higher heating value; the value when water 
vapor is a product is called the net or lower heating value. 

Example 4-17. The standard gross heating value of benzene liquid is 
— 780,980 cal/gmole. Calculate the standard net heating value. 








Solution 
CoH) + 2?! = 600. + 3H:0() — — 780,980 
3H,0(l) = 3H,0(g) 3(10,519) 
CoHe(0) + “27! = 6002 + 3H.0() — —749,423 


Example 4-18. A coal has a standard lower heating value of 13,000 
Btu/lb. Chemical analysis shows the coal has 5%w net hydrogen (i.e., 
hydrogen which is stoichiometrically in excess of the oxygen in the coal). 
What is the standard higher heating value in Btu/lb? 

Solution. Each pound of coal contains 0.05 lb net hydrogen, or 0.025 
Ibmole. The higher heating value is the lower heating value plus the 
heat released by condensing 0.025 Ibmole of water. 


(0.025 Ibmole) (20.519 sal (28 Bin/Abmele) = 473 Btu 
gmole 1 cal/gmole 


The higher heating value is therefore 13,473 Btu/lb. 
Heats of Solution. Up to this point we have considered only standard 
heat effects. These were restricted to cases where we had pure reactants 
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and products under carefully specified conditions of temperature, pres- 
sure, and phase or structure. Practical cases demand that we consider 
reactions where reactants and/or products are not at the standard 
conditions. The heat released or absorbed during a chemical reaction is 
modified by deviations of temperature, pressure, and composition from 
the standard values. 

One particular heat effect associated with composition is the heat of 
solution. Let us consider an experiment we might run to determine the 
nature of the heat of solution. Suppose that we put 1 gmole of sulfuric 
acid into a container surrounded by a constant-temperature bath main- 
tained at the standard temperature and then dilute the sulfuric acid with 
water. As we doso, heat isreleased. Following are some data we might 
obtain from such an experiment: 





Total | Additional Total Additional 


water water heat heat 
added added released released 





0 0 
1 6900 

il 6,900 
1 3100 

2 10,000 
1 1700 

3 11,700 
1 1100 

4 12,800 
1 800 

5 13 ,600 
1 600 

6 14,200 
2 800 

8 15,000 
2 400 

10 15,400 
5 900 

15 16,300 
5 800 

20 17,100 
ra) 1100 

00 18,200 





Now what do these figures mean? The column labeled “Total heat 
released” is the negative of the integral heat of solution. It represents 
the total heat released when 1 mole of the substance in question is diluted 
with the amount of water indicated, when both the reactants and products 
are at standard conditions. The integral heat of solution, being the 
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negative of the heat released, is the enthalpy change for the solution. 
As such it may be treated in exactly the same manner as all other heats 
of reaction. Consider these problems: 

Example 4-19 

a. What standard heat effect is associated with diluting 1 gmole 
H.SO, with 10 gmole H,0? 

b. What standard heat effect is associated with diluting a solution 
containing 1 gmole H,SO, and 1 gmole H,O with 9 gmole H.0? 

Solution 

a. The thermochemical equation may be written 


H.S0, (I, 1 atm, 25°C) + 10H.O(/, 1 atm, 25°C) 
= H,SO,(10H:20)(I, 1 atm, 25°C) eras — 15,400 cal 


~ gmole HoSO, 
Thus 15,400 cal are released. 
b. Dropping “‘/, 1 atm, 25°C” from the descriptive terms, we write as 
the desired reaction 


H.S0O,(1H:0) 4 9H.O — H.SO,4(10H.0) 


To obtain this we add two reactions for the solution of pure H2SQOx. 





AH 
H,SO, + 10H.0 = H.S0O,(10H20) — 15,400 
H.SO,(1H20O) = HSO, + H.0 — (— 6,900) 
H.S0,(1H20) + 9H.O = H.SO,(10H20) — 8,500 


The heat released is 8500 cal. 

From this illustration we may deduce an important relationship for 
calculating heats of solution: The enthalpy change for diluting a solution 
is the integral heat of solution at the final concentration minus that at the 
initial concentration. 

Since equations for solution are handled in exactly the same manner as 
equations for reactions, we need make no distinction between them 
when calculating heat effects for combined reaction and solution. These 
examples show how the equations are used. 

Example 4-20. The standard heat of formation of sulfuric acid in a 
solution of 1 mole H2SO, in 400 mole of water (i.e., combined formation 
and solution) is —212,030 cal/gmole. The standard heat of dilution of 
H.SO, in 400 mole of water is — 18,340. 

What is the standard heat of formation of pure H:SO,? 


AH 
H.S0,(400H,.O) = H.SO, + 400H20 — (— 18,340) 





H.+S + 20, = H.SO, — 193,690 
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The standard heat of formation of H.SO, is —193,690 cal/gmole. 
Example 4-21. Given the following standard heats of formation, 


cal/gmole 
KOH (c) — 102,020 
KOH(400H.0) —114,960 
HCl(g) — 22,063 
HC1(400H.0) — 39,850 
KCl(c) — 104,348 
KCI(400H.0) — 100,164 
H.0()) — 68,317 


calculate the standard enthalpy changes for the following reactions: 
a. KOH + HCl 
b. Solution of KOH 
c. Solution of HCl 
d. Solution of KCl 
e. KOH + HC1(400H,0) 
Solution 
a. KOH(c) + HCl(g) = KCl(c) + H.O(I) 


AH = —104,348 — 68,317 — (—102,020) — (—22,063) 
AH = —48,582 cal 


b. KOH(c) + 400H,O0 = KOH(400H,0) 

AH = —114,960 — (—102,020) = —12,940 cal 
c. HCl(g) + 400H,O = HCI(400H,0) 

AH = —39,850 — (—22,063) = —17,787 cal 
d. KCl(c) + 400H,0 = KC1(400H,0) 

AH = —100,164 — (—104,348) = +4184 cal 


e. For this part we may add three of the above equations: 


AH 
KOH(c) + HCl(g) = KCl(c) + H.0() — 48,582 
HC1(400H.O) = HCl(g) + 400H.O — (—17,787) 
KCl(c) + 400H2O = KCI(400H;0) 44,184 | 
HC1(400H.0) + KOH(c) = KCI(400H.O) + H,O()) — 26,611 


Part e may also be solved using the information given in the problem: 
HC1(400H.O) + KOH(c) = KCl(400H.O) + H.O(/) 
AH = —100,164 — 68,317 — (—39,850) — (—102,020) 
AH = —26,611 cal 
When we calculate heats of solution, the heat of formation of the sub- 
stance in the initial state is subtracted from that in the final state. In 
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such problems water may be treated as an element; i.e., its heat of forma- 
tion does not enter the calculation. On the other hand, when water is 
formed (see part a) its heat of formation does enter the calculation. 
When water is formed in a solution (see part e) the heat of formation of 
the water which is formed must be included in the calculation. For this 
reason the products may be conveniently written separately, as, for 
example, KCl(400H,O) + H,0. The actual product is KCl(401H:0). 
Separating the products (on paper) decreases the chances of overlooking 
the water formed in making calculations. 

In the figures in Appendix S we have plotted integral heats of solution 
vs. mole of water/mole solute. This is the standard method of present- 
ing the data. You will note, in the table of heats of formation, that some 
heat-of-solution data are included there also. 

Occasionally you will see references to differential heats of solution. 
For the purposes of making heat balances, this concept is not of any 
consequence, and we shall not discuss the subject in this text. 

When writing thermochemical equations, always include enough details 
so that there is no question as to the exact state of each substance in the 
equation. Part a of Example 4-21 is a good illustration. If the question 
is asked, ‘‘How much heat is released (assuming the reaction would take 
place) when 1 gmole of gaseous HCI reacts with 1 gmole of crystalline 
KOH?,” we should have to have more details about the way in which the 
reaction is carried out. The answer AH = —48,582 cal is the standard 
heat of reaction when crystalline KCl and liquid water are formed but 
not mixed. This is true because we have used thermochemical values 
based on standard states. In order to determine a value which would be 
representative of actual conditions, where the products were mixed, the 
heat of solution would have to be added to the above value. 

The same thing is true in regard to gaseous reactions. We shall see 
that certain heat effects are negligible, which simplifies the calculations 
greatly. Consider this example: 

Example 4-22. When CO and steam are mixed, the reversible reaction 

CO + H.O(g) = COz + H, 
may take place. The degree of completion of the reaction depends on 
external conditions, primarily temperature. 

a. What is the standard heat of reaction when 1 gmole of CO reacts? 

b. What is the actual heat of reaction at standard conditions? 

Solution 

a. CO(g, 1 atm, 25°C) + H:O(g, 1 atm, 25°C) 

= CO,(g, 1 atm, 25°C) + H.2(g, 1 atm, 25°C) 
AH;;  —26,416; —57,798; —94,052: 0 
Therefore, AH = —94,052 — (—26,416) — (— 57,798) = —9838 cal 
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b. If we wish to express the reaction in symbolic form, we should have 
to write something like this: 

Assume that 1 mole CO reacts. Since the reaction does not go to 
completion but stops at some intermediate stage, assume X mole CO and 
X mole steam are supplied. Then the reactants are X mole CO and 
X mole H;,O(g) at 25°C and 1 atm total pressure. Thus each has a mole 
fraction of 0.5. The products are 1 mole CO: and 1 mole Ha, each at a 
mole fraction of 1/(2X), plus (X — 1) mole CO and (X — 1) mole 
H.O(g), each at a mole fraction of (X — 1)/(2X), at 25°C and 1 atm 
total pressure. 

The thermochemical equation from part a is 


CO(S) + H:O(S) = CO2(S) + H2(S) 


To shorten the expression we have written S, meaning ‘standard,’ 
for ‘‘g, 1 atm, 25°C.”’ The actual reactants are 


XCO(m1) + XH2(m1) 


where m, is used to denote initial mixture. 
The products are 


where mz, is used to denote final mixture. 
We may now write three equations: 


CO(S) + H,0(S) = CO2(S) + H:(S) 
XCO(m,) + XH.(m:) = XCO(S) + XH.0(S) 
and (X — 1)CO(S) + (X — 1)H20(S) + CO.(S) + H2(S) 


When these are added together, we obtain the equation 


XCO(m) + XH2(m) = (X — 1)CO(m:2) + (X — 1) H2,O(mz2) 
+ CO2(m:2) + Ho(me) 


which represents symbolically the reaction as it actually occurs. The 
enthalpy change for the reaction is thus the sum of the standard enthalpy 
change plus the changes for preparing the initial and final mixtures from 
gases in the standard states. We shall make the assumption that the 
enthalpy change for mixing gases is negligible. The change is zero for 
perfect gases and negligible for most gases under ordinary commercial 
conditions. It becomes important only when the gases approach critical 
conditions. 

Thus, for part b also, AH = —9838 cal. 

Example 4-23. A process requires 1000 lb/hr of 20%w H.SO,. This 
is made by diluting commercial 78 %w acid with water. 
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a. How much concentrated acid and water are used per hour? 
b. How much heat must be added or removed per hour? 
Solution ; 
a. Basis 100 lb 20% acid. If C = weight of concentrated acid, 
0.78C = (0.20) (100) C= 25.65 Ib 
If W = weight of water, 
W = 100 — 25.65 = 74.35 lb 


Therefore 256.5 lb acid and 743.5 lb water are needed per hour. 

b. To calculate heat requirements, we must first find integral heats of 
solution. Since no temperatures are given, standard conditions of 25°C 
must be assumed. 


























.,, 22 , 78 _ 1.54 mole H.O _ —9000 cal 
Inlet acid: 18 ° 98 mole H.SO, Ase gmole 
.,, 80 , 20 _ 21.8 mole H,O _ —17,500 cal 
Outlet acid: 18 ° 98 mole H,SO, pee gmole 
Basis: 1 gmole H2SO, 
AH 
H.S0,(1.54H.O) — H.SO, + 1.54H:O — (—9000) 
H.S0,(1.54HO) + 20.3H,0 > H.SO,(21.8H.0) — 8,500 
: 256.5 2.62 lbmole 
Acid used per hour = Ped gee Wat > 
Thoratiee Cate (= 800 =) (Baas pele) 2.62 lbmole 
gmole cal/gmole hr 
_ —40,100 Btu 


hr 


Since AH is negative, 40,100 Btu are released per hour. 

Example 4-24. A process requires 1000 lb/hr of 20%w HCl gas in 
nitrogen. This is made by diluting a stream of 78%w HCl in nitrogen 
with pure nitrogen. 

a. How much concentrated gas and nitrogen are used per hour? 

b. If perfect gases are assumed, how much heat must be added or 
removed per hour? 

Solution 

a. The solution is exactly the same as for Example 4-23. Therefore 
256.5 lb of the 78% stream and 743.5 lb pure nitrogen must be used per 
hour. 

b. Enthalpy changes for mixing perfect gases are zero. Therefore no 
heat effect is present. 

You should make several observations from the above examples: 
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1. The method of calculating the material balance is independent of 
the actual materials being handled. In this case, with identical com- 
positions specified, the answers are numerically equal. 

2. The basic equation for heat balances is the same in both cases, i.e., 


Q = AH 


The general method of obtaining enthalpy changes from arbitrarily 
chosen paths is also the same. However, the answers depend on the 
type of material being processed and so are not numerically the same. 

3. The two blending operations would obviously be carried out in 
different types of equipment. Stoichiometric and thermodynamic calcu- 
lations are of no value in determining types or sizes of equipment. Once 
a type is chosen for an operation (this is usually a matter of experience 
and economics), the proper size is determined from “‘kinetic”’ calculations. 
This material is studied in unit operations. 

In the section on thermophysics we discussed methods of calculating 
enthalpy changes for pure gases. We also stated that, for perfect gases, 
the heat capacity was independent of pressure and dependent only on 
temperature. We avoided a discussion of gas mixtures, however. With 
the aid of the above discussion on enthalpy changes for mixing gases, 
we may now show the method to be used in calculating enthalpy changes 
for heating gas mixtures. 


Example 4-25 
a. Show that the molal heat capacity of a mixture of perfect gases 
(n4 mole of A, np mole of B,----) is ysCr, tysCros t+ °° °*, 


where y represents mole fraction. 

b. Derive an equation for the heat capacity of a mixture when each indi- 
vidual heat capacity is expressed as a quadratic function of temperature. 

Solution 

a. If we heated the gases individually, each gas being in a pure state 
at 1 atm, 


AH = na [i Cy, dt + me J" Cy, dt + cee te te 


We wish instead to find a heat capacity of the mixture, C,,,, such that 


MEET ee eee if i C,,, dt 


Let us write separate equations for each component: 


na(g, 1 atm, t1) = na(g, 1 atm, te) + AHa, 
ne(g, 1 atm, ti) = ns(g, 1 atm, te) + AHz,, ete. 
(nn + np + °°: )(mixed g, 1 atm, t) 
= na(g, 1 atm, ti) + ne(g, 1 atm, ti) + +++ + AM: 
na(g, 1 atm, tz) + na(g, 1 atm, t2) + °° °° 
= (nn +ne +++: )(mixed g, | atm, ts) + AH; 
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Adding these equations, we obtain 


(ng + ng +--+ )(mixed g, 1 atm, tx) 
= (na + ne +--+: (mixed g, 1 atm, tz) + AH 


which represents the process symbolically. We now define a mixed heat 
capacity C,,. Adding enthalpies for the three equations, we find two of 
them are for mixing of gases and are therefore zero. Thus the enthalpy 
change for heating the mixture is the same as that for heating the gases 
individually. We may therefore say 


(2n) [" Cy, dt = na ‘| “Cy, dt + ns i, “Cydtt-- +> (439) 


where 2n = na +73 + ° 
Dividing by 2n and noting ee 


pee 
Ya = Fn 
we have Cy, = yaCp, + slo, f° °° = Zyl, (4-40) 


as was to be proved. 
b. If each heat capacity is written in a form 


C,, = a, + bt + ef? (4-32) 
and Com = Lys, 
then Cy, = (yaaa + yon +--+ +) + (ysdbs t+ yoda + -:-: dé 
+ (yaCa + ysCea+-°---: )? 
or Cy, = Zya; + (Zydi)t + (Zy.ci)t? (4-41) 


Example 4-26. Flue gases leaving a stack at 450°F have an over-all 
molar composition of 8.2% CO:s, 2.7% CO, 2.7% H:0, 9.4% Os, and 
77.0% Nz. Calculate the heat lost in 100 mole of this gas, above 25°C 
(assuming water in the vapor form), using 

a. Quadratic heat-capacity equations 

b. A mixed mean heat capacity 

Solution a. For the equation 


Cp=a+bT + cT? 


the constants are 
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In the equation, C, = cal/(gmole)(K°) and 7 = °K. For review, we 
shall solve the problem in two ways. 
First: dQ = dH = (2na) dT + (2nb)T dT + (Znc)T? dT 
or Q= na), — 7) + (end) (TST) 
SH nasa Mag 
let g 


+ (nc) ( 


Working with the equations in the units given, assume 100 gmole of gas 
A tabular solution is best. 









b X 10% | nb X 10° 











63.14 5.30 43.46 —0.83 


CANS fon 03 8.2 7.70 —6.81 
RAD oan. PARK 6.60 17.82 1.20 3.24 

H,0. rAd | 8.22 22.19 0.15 0.41 1.34 3.62 
Osratne.. 9.4 6.76 63.54 0.61 5.73 0.13 1.22 
Nz. 77.0 6.76 520.52 0.61 46.97 0.13 10.01 


Siete 


Therefore 
= 
Q = 687.21(T: — T:) + PX" (ry — Ty) 
8.04 * 10-5 


ze (T2— 73) Ty = 298°K 


T, = 506°K (450°F) 


3 
Therefore 


Q = (687.21)(506 — 298) + (49.91  10-*)(506? — 2987) 
+ (2.68  10-*)(506* — 298%) 
151,570 cal 


Q = 142,940 + 8350 + 276 = ooreiole 


151,570 = (3 Bes lomele)) _ 272,820 Btu 
100 gmole cal/gmole ~ 100 lbmole 








We may also approach the problem by converting each equation to the 
English units or by converting the final equation. The method is 
adequately illustrated by the latter. 

The mixed heat capacity is 


C,, = 6.87 + 0.998 X 10-*7' + 0.0804 x 10-*T” 
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in the original units. Convert each term: 


6.87 cal Btu/(Ibmole) ep) _ _ 6.87 Btu 
(Goan a) ) ( cal/(gmole) (K°) (Ibmole) (R°) 


0.998 X 10? cal ; Ci) 
(es inee) Loe Gar 
. (9588 x 10-3 a) (°F) + ( 0.255 Btu ) 


(Ibmole) (R°) (°F) (Ibmole)(R°) 
0.0804 X 10-8 cal Seid fede 
(Pr (K°) mt) OOM Fades (3m) 
0.0248 X 10-* Btu\ o, , (0.0228 x 10-* a , 
me (2.0248 x Oe) (°F) +( (ibmole) (RACK) ) &F? 


te 0.0053 Btu_ 
(Ibmole) (R°) 


Therefore in English units, with ¢ in °F, 
C,,. = 7.18 + 0.577 K 10-% + 0.0248 X 10°? 
In this problem, for 100 lbmole, 


2 _ (7,13)(4.50 — 77) + (0577 x ta (450? — 772) 


100 
(2.0288 x 7 
3 








oe (450% — 77%) 


Q = (100)(2667 + 55 + 1) = 272,300 Btu 
The answers differ slightly in the last figure, which is beyond slide-rule 
accuracy. 
Solution b. The mixed mean heat capacity is 
C= = yaCoa +. ypCns -b xo oe 


From plots of mean heat capacity between ‘‘room temperature”’ and ?°F, 
we make the calculation in tabular form: 





Gas y C, (77 to 450°F) yCp 
CO, 0.082 9.8 0.804 
COVE ee 0.027 (fa! 0.192 
Ts) se ee ae 0.027 8.2 0,221 
Oine sts Re 0.094 ee 0.677 
Nite ssnakes mae 0.770 7.0 5.39 
Mixed mean heat capacity = C,, = 7.284 


Q@ = (100) (7.284) (450 — 77) = 272,000 Btu 


For the past few pages we have been considering reactions carried out 
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at constant temperature and pressure _ ll tables of heats of reaction 
(including formation, combustion, solution, etc.), with few exceptions, 
are based on these conditions. The constant-pressure—constant-tem- 
perature reaction is industrially important. However, there are other 
cases which are important in the laboratory and plant, and we need to 
explore these before concluding our discussion. 

Constant-volume Relations. It is interesting to note that many heat- 
of-reaction data are not obtained at standard conditions of constant pres- 
sure and temperature; thus the heat released or absorbed is not the 
enthalpy change for the reaction. Some adjustment must be made in 
the values before they can be reported as enthalpy changes. 

The most commonly used piece of equipment for measuring heat effects, 
primarily heats of combustion, is the Parr bomb. This consists of a 
strong metal container surrounded by another container filled with water. 
The entire system is carefully insulated from the surroundings. The 
material whose heat of combustion is to be measured is sealed in the metal 
bomb under about 20 atm pressure of pure oxygen. By means of a 
fusible wire and electrical circuit the material is ignited. The rise in 
temperature of the water (and bomb) is carefully measured with a pre- 
cision thermometer. The quantity of water is large enough that the 
rise in temperature is restricted to a few degrees. Essentially the heat 
effect measured is that at constant temperature and volume. From our 
previous studies, we may immediately say that this quantity corresponds 
to a change in internal energy for the reaction. 

We must now determine how the enthalpy change is calculated from 
the data obtained in the Parr bomb. From the definition of enthalpy, 


H=U+PV 
we may write the equation for a change, 
AH = AU +A (PV) 


From the measured quantity of heat in the Parr bomb we know AU. 
The only problem remaining is to find A (PV). Since the volume of the 
bomb is constant, this is equivalent to V AP. Suppose that we have 
present both before and after reaction some gas, liquid, and solid con- 
stituents. If it is assumed that the temperature remains constant (the 
variation in absolute temperature is rarely more than 1 or 2%), the value 
of V AP can be very closely approximated by RT AN, where AN is the 
change in gaseous moles present. The effect of having a liquid and/or a 
solid present in the bomb is to displace some of the gas and to change the 
pressure, and thus the term V AP, slightly. The liquid and/or solid 
present will rarely fill more than 1% of the bomb and can be neglected. 
The principles are illustrated by this example: 
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Example 4-27. A constant-volume bomb weighing 8000 g is made of a 
metal with a heat capacity of 0.3 cal/(g)(C°). Its inside volume is 
1liter. It is surrounded by 2000 g of water in a container insulated from 
the outside. Two grams of graphite of specific gravity 2.25 is placed in 
the bomb. The standard heat of combustion (enthalpy change) is 
7838 cal/g. The initial pressure of pure oxygen in the bomb is 25 atm, 
and the temperature is 25°C. 

a. Using the simplest possible equations, calculate the constant- 
volume heat of combustion and the rise in temperature of the bomb and 
water. 

b. Refine the calculation, taking into account the volume of the 
graphite and the heat capacity of the bomb contents, and determine an 
approximate error in the method used in part a. 

Solution 

a. The reaction is 


C(graphite) + O2(g) = CO2(g) 


The change in gaseous moles is zero. 


Therefore, AU = AH — RT AN = AH = a cal 
The heat released by the reaction is thus 
Q = (28) (Bes oa!) = 15,676 cal 


The total heat capacity of the bomb and water is 


1 cal 0.3 cal\ _ 4400 cal 
Cry (jes) pa EOD e) (2: ) = aC 


The temperature rise is 
15,656 cal 


4400 cal/C? ~ 2°68 © 


b. We can make a more nearly rigorous calculation by considering the 
volume of the carbon and the heat capacity of the bomb contents. Some 
approximations are still inherent in the calculation. These include the 
neglecting of radiation losses and corrections for deviations from perfect- 
gas behavior. Both are beyond the scope of this text. 

We shall start the calculation with the statement 


AE =0 


where E refers to the total energy of the system, including the bomb 
and water. 


Neglecting kinetic, potential, and miscellaneous energy differences, 
AU =0 
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where U = internal energy of the bomb, water, and bomb contents. We 
need to consider each item separately. 





Before reaction After reaction 
Item 
g PoE U g TK U 

BOM Die ta ae re 8000 298 Us, 8000 Te Us, 
VS LON eet cote inci 2000 298 Uw, 2000 T2 Un, 
Graphite 2, S206 --5 2 298 Uc, 0 
OXYGEN Iss eele. wr bys 32no, 298 Vou) 32(no, — 46) T2 Uoigs 
COE cee te: 0 er, = aod 44(16) T. Uco, 

AUs = (8000)(C,)(T2 — 298) = 2400 AT 
(For solids, C, = C;) 

AUw = (2000) (C,)(T2 — 298) = 2000 AT 


To calculate AU for the reactants and products, we may separate the 
oxygen into two portions, one of which reacts and one of which does not. 
Molar volume at 25 atm and 298°K is 


Molar V = (22.4) (445) (298673) = 0.9781 ~ 978 ml 


Volume of oxygen initially present is the bomb volume minus the volume 


of the carbon: 


2 


Therefore, Now = 29978 = 1.020 gmole 
Oxygen used = 242 = 0.167 gmole. 
Now) = 1.020 — 0.167 = 0.853 gmole 


Therefore, for the oxygen which does not react, 
AUo, — Toasts AT 


The equation may not seem immediately apparent. Visualize it this 
way: Part of the oxygen which reacts is replaced by COs. Assume that 
it does not mix with the oxygen which does not react. If perfect gases 
are assumed, the volume of the unreacted oxygen remains constant, 
except for a slight expansion factor of 1000/999.1, caused by the dis- 
appearance of the carbon. Thus we may properly use the C, term. 
Now, if the unreacted oxygen and product CO: mix, owing to the nature 
of perfect gases the energy changes for changing partial pressure and 
mixing at constant temperature are zero. Our equation is thus correct 


without modification, 
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Now consider the energy change for the reaction. ‘The actual reaction is 


YC(graphite, 25 atm, 298°K) + 16402(g, 25 atm, 298°K) 
+ 0.85302(g, po, T2) = %CO2(g, mixed with 0.85302, p2, T2) 


It is best to break this into steps for which we can evaluate energy 
changes. Working on a molar basis and omitting the terms ‘‘graphite”’ 
and g, 


(1) C(25 atm, 298°K) = C(1 atm, 298°K) 
(2) 0.(25 atm, 298°K) = O2(1 atm, 298°K) 
(3) C(i atm, 298°K) + O2(1 atm, 298°K) = CO.(1 atm, 298°K) 
(4) CO.(1 atm, 298°K) = COo(p2, 298°K) 

(5) CO2(p2, 298°K) = CO2(p2, T2) 


(6) CO2(p2, T'2) + (6)(0.853)O02(p2, T2) 
= CO.[mixed with (6) (0.853)0O2,(ps, T's)] 


These six equations add up to the actual reaction. We may therefore 
calculate the actual energy change by adding energy changes for these 
reactions: 


(1) AU =0 (U of a solid is practically independent of pressure) 
(2) AU=0 (perfect gas, isothermal change) 
(3) AU = AH — A(PV) (standard conditions) 
AH = —94,052 cal 

A(PV) = RT AN =0 
(4) AU=0 (same reason as 2) 
(5) AU = (nco,) (Cxg9,JAT 

(perfect gas; AU is fC, dT regardless of process) 

(6) AU=0 (explained previously) 


Therefore, for the reaction (returning to a basis of 1¢ mole) 


AU = 16(—94,052) + (1)(C,.. AT’) 


CcO2 


Since the over-all AU is zero, 


2400 AT + 2000 AT’ + (0.853) (G, ee 082 


6 
From the tables, using C, = C, — R for perfect gases, 


) AT — 


COz 


+ (0.167) (C.,,.) AT =0 


x 5 6.8 cal 
C. = a v i ee es ee 
pn C co: = (gmole) (C°) 


Thus (4400 + 4.26 + 1.13) AT = 15,676 cal 
Therefore, AT = 3.55 C° 


From this example it appears that the error made in neglecting the 
solid volume and heat capacity of bomb contents is less than small errors 
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which accumulate because of the use of a slide rule. We may therefore 
use the simplest approach in determining heats (enthalpies) of combustion 
from internal-energy values: 


—AU, = Q = [(WCp) vom, + (WC5) 1,0] AT (4-42) 
and AH. = AU, + RT AN (4-43) 


where AN refers to gaseous moles. 

The term WC, of the bomb is often called the ‘water equivalent’’ of 
the bomb. Since water has a specific heat of unity, the product WC, of 
the bomb represents a heat capacity of that many grams of water. In 
the example, the water equivalent of the bomb was 2400 g; the bomb and 
water together had a total water equivalent of 4400 g, or a total heat 
capacity of 4400 cal/C°. 

The example did not bring out one complexity which can arise with 
compounds containing hydrogen. As we have seen, there is a vast differ- 
ence between net and gross heating values of some substances, and care 
must be exercised to avoid errors. Consider this example: 

Example 4-28. Two grams of liquid benzene is placed in a Parr bomb 
under 25 atm oxygen pressure at 25°C. The water equivalent of the 
bomb and surrounding water is 4400. Determine the rise in temperature 
of the bomb and water, assuming that 

a. All water formed is condensed. 

b. Part of the water formed is condensed. 

Solution 

a. The standard heat of combustion (enthalpy change) is —780,980 
cal/gmole for the reaction. 


1502 


CeHe(l) + 5 


(g) = 6CO.(g) + 3H.0(/) 





when all components are at 1 atm and 25°C. 
We have already shown that we may neglect effects of changes in 
pressure and mixing on enthalpy and internal-energy changes. 
AU = AH — RT AN 
AN = 6 — 1% = —34 (gaseous moles!) 


3 780,090 cal 
Therefore, AU = —780,980 — (1.99) (298) (- ;) tec 37 ve 
In this problem 


780,090 cal\ / 2 
RET ip cet bedi come a = 20,000 cal 
Q ( phot ) (7, gmole) 0,000 ca 
20,000 cal _ i" 

4400 cal/C° sg 


b. The final temperature is about 29.55°C. At this temperature the 


and AT <= 
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vapor pressure of water is 31.1 mm Hg. We may assume that the gases 
inside the bomb are saturated with water vapor at this pressure. The 
moles of vapor present are : 


1 liter 1 
= __. = 0.00165 le 
(22.4 liters/gmole) (303.55/273)(760/31.1) 608 anes 





The water formed is 


2 3 mole H.O \ _ 
(F mole benzene ) Ges = 0.077 gmole 


Therefore there is sufficient water to saturate the gas. 

To find the effect of leaving some of the water in the vapor form, 
assume that the reaction first proceeds to give all water in the liquid form. 
Q = 20,000 cal for this. 

Now subtract from this the heat used to vaporize the water. We may 
use the enthalpy change of vaporization, since the water may be assumed to 
vaporize against its own constant vapor pressure. 

At 29.6°C, AH,,, = 10,450 cal/gmole. 


(seo se!) (0.00165 gmole) = 17.2 cal 
gmole 


Q = 20,000 — 17.2 = 19,983 cal 


19,983 _ : 
—tioo = 4:54 © 


In this problem the effect of having some of the water in the vapor 
form did not change the answer. However, a larger error might appear 
when smaller samples with less hydrogen per mole are used. It is not 
necessary to speculate about this, however, as there is a very simple and 
practical way to avoid these difficulties experimentally. When the Parr 
bomb is used, a small amount of liquid water is placed in the bottom of 
the container, so that the oxygen initially present is saturated with water. 
In this way, all the water formed is condensed, and a higher or gross 
heating value is obtained. 

Use of the Thermodynamic Path. Our discussion of thermochemistry 
up to this point has dealt primarily with heat effects at standard con- 
ditions, since these conditions form the basis for experimental work and 
the interpretation of laboratory data. Practical industrial cases demand, 
however, that we consider cases where standard conditions are not main- 
tained. A practical question might be ‘“‘How much heat must be added 
or removed per unit time if the reactants enter the system at a certain 
temperature, pressure, composition, and rate, and the products are 
removed at a certain (different) temperature, pressure, and composition 
(and the same rate, due to steady state)?” 


AT = 
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To solve such problems we have at our disposal the concept of the 
thermodynamic path. Consider the case suggested in the question 
above. If we have a steady-state flow system, neglecting kinetic, 
potential, and miscellaneous energy effects, and assuming no work- 
producing device within the system, we know that Q = AH. We also 
know that we may break down any process into a series of steps, both 
physical and chemical, for which we can evaluate enthalpy changes. 
If these steps add up to the desired process, then the enthalpy changes for 
the steps add up to the enthalpy change for the process. Thus, assume 
in the above case that the initial conditions, P; and Jy, and the final 
conditions, P:; and T2, are above standard conditions. We might proceed 
as follows: 

Reduce the pressure from P; to P, (standard conditions). 
Reduce the temperature from 7; to 7,. 

Separate the reactants into pure materials (if necessary). 
Carry out the reaction at standard conditions. 

Mix the products (if necessary) at standard conditions. 
Heat the products from T, to 7». 

. Compress the products from P, to P». 

These steps, when added, give the desired process. We may therefore 
add the enthalpy changes to get the change for the over-all reaction. 

In this text, unless very specific instructions to the contrary are given, 
we shall assume the enthalpy changes for steps 1 and 7 to be zero. Itis 
true that pressure has no effect on the enthalpy of perfect gases at con- 
stant temperature. The pressure effects on enthalpies of liquids and 
solids are small and may justifiably be neglected. It is only in the case of 
nonideal gases that there is an appreciable effect of pressure on enthalpy. 
Since the evaluation of this effect requires more thermodynamics than 
we are able to present at this time, we must defer a study of it. You 
should recognize that it does exist, just as you know that most gases 
deviate from the perfect-gas law. 

We may group steps 3, 4, and 5 together, under the single term ‘‘reac- 
tion,’ if we understand what we mean by this term. For example, in 
calculating the heat necessary to concentrate a sodium hydroxide solu- 
tion from concentration z; (weight fraction) to z2, we would consider 
separating the water and sodium hydroxide into pure components (step 
3), evaporating the necessary water (step 4), and recombining the sodium 
hydroxide and remaining water (step 5). Thus we may rewrite the 
process in three steps: 

1. Reduce the temperature from 7; to T,. 

2. Carry out the process, including dilution and concentration. 

3. Heat the products from T, to 7». 

Again we emphasize the approximations involved. Also, it is customary 


a ag ek 
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to think of reactions as being carried out at a higher temperature than 
standard, and it is easy to say “reduce the temperature of the reactants 
and heat the products’’; the equations, however, are valid for cases where 
the reaction temperature is below the standard value. 

With the process reduced to three steps, we may write an equation for 
each of these steps: 


AH, = [TN eCon AT =NaCoun(Ts— 72) (4) 
In the case of gases, since we are concerned with perfect gases only, 
T. . 
Ay > n: [Ca = bs ny(T. — T) (4-45) 
i=R i= 
AH, = AH, (4-46) 


where AH, is the standard heat of reaction, including dilution effects. 
AH; = ifs NPC ,,4,,¢T = N eC pup)(T'2 iT’) (4-47) 
or, for perfect gases, 


AHe= . nj fer C,,dT = > n,(Ts — T.) (4-48) 
t=P 


i=P 


In these equations the subscripts R and P have been added to mean 
“reactants” and “products,” respectively. As we have noted from our 
work on gases, we avoid integration of polynomial equations for heat 
capacities and use mean values where possible. Thus, the most con- 
venient forms of the equations for H; and H; are those using the mean 
heat capacities. For the usual case, then, 


AH = NeCoag(T. — 11) + AH, + NeCpne(T2 — T,) (4-49) 


In many cases the solution lends itself readily to tabular form. 

Example 4-29. The standard heat of combustion of graphite is 
—94,052 cal/gmole. What is the “standard”? heat of combustion at 
1000°F ? 

Solution. Occasionally the word “standard” is applied to any heat 
of reaction where the pressure and temperature of reactants and products 
are the same. To avoid confusion, we do not recommend the use of the 
term and would prefer to reword the question, ‘“‘ What is the heat of com- 
bustion of graphite at 1 atm when both reactants and products are at 
1000°F ?” 

The desired equation is 


C(graphite, 1 atm, 1000°F) + O2(g, 1 atm, 1000°F) 
= CO.(g, 1 atm, 1000°F) 
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Since the heat of combustion is known at 25°C, the following steps must 
be taken: 


1. Cool the carbon and oxygen to 25°C (77°F). 
7 
AH, = [ii Cogdt + fi, Coo, dt 
2. Carry out the reaction at 25°C. 


| = (= 94,052) (1.8) Btu 


8 lbmole 


3. Heat CO. to 1000°F. 


Using mean heat capacities, 
AH = (C,, + Cy, )(77 — 1000) — 169,294 + (C,,, 


AH = (3.7 + 7.6)(—923) — 169,294 + (10.8) (923) 
Therefore, AH = — 189,762 Btu _ —94,312 cal 
lbmole gmole 


) (1000 — 77) 


A study of this example shows that a simpler equation may be used for 
the cases where the temperature of reactants and products is the same. 
The first and third enthalpy changes involve integration between the 
same limits (but in opposite directions). 

They may be combined to give 


AH, + AH; = (2(nC,)p — 2(nCz)r)(t — te) (4-50) 


where ¢ = reaction temperature and ¢, = base temperature. 

If mean heat capacities are not available and cannot be estimated with 
sufficient accuracy, it may be necessary to perform the actual integrations. 
In this case, again, it is possible to simplify the relationships somewhat 
for cases where the reactant temperature equals the product temperature. 
It is also desirable at times to derive an equation for heat of reaction as a 
function of temperature, i.e., to leave the temperature as a variable in 
the final equation. 

Example 4-30 

a. Derive an equation for the heat of reaction when the standard value 
is known and all the heat capacities are known as functions of tempera- 
ture. Assume in this case the special form 


C,=a+bT+ ra (4-51) 


b. Determine the constants in the equation for the case of combustion 
of graphite. 
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Solution 
a. For a general case, assume that the reactants are W and X and the 


products Y and Z. 
Let w = mole of W, etc., and so ean equation is 


wW+2e4X =y¥Y+2Z 


where all the materials are at the same P and 7. Again taking a three- 
step process, 


AH; = w Fs Coy dT + 2 ee Cy, aT 
AH» = AHr. 
AH p= 4 ie C,,dT +2 i C,, aT 


The four C, values are of the same form, and the integrals may be grouped 
in this manner: 


T 
AH, + AH; = (yay + zaz — way — xax) dT 
7. 


Y 
+ (yby + 2bz — why — xbx) ik T dT 


+ (ycy + zez — wew — xcx) lee aT’ 
Defining Aa = yay + zaz — way — zax (4- =a 
and similar expressions for Ab and Ac, 
AH, + AH; = (Aa)(T — T,) + (2 ’) (T? — T,2) — (Ac) C ~ r) 
(4-53) 


b. From the Chemical Engineers’ Handbook* we obtain these expres- 
sions for C,: 


Ge 2.673 + 0.002617T — 116,900/T? 

Oo: 8.27 + 0.0002587 — 187,700/T? 

CO:: 10.34 + 0.002747 — 195,500/T? 
where 7' = °K. 


In this case 


Aad = dco, — Ac — Ao, = 10.34 — 2.67 — 8.27 = —0.60 
Similarly, 


I 


Ab 
and Ac 


—0.00014 
— 109,100 


Thus, a general expression for the heat of combustion of carbon 


I 


* John H. Perry (ed.), 3d ed., McGraw-Hill Book Company, Inc., New York, 1950. 
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(graphite) is 


AH = —94,052 — (0.60)(T — 298) — He 


298 
For the case of the previous example, when ¢ = 1000°F, T = 811°K. 
Substituting this in the equation, we obtain 


— 94,632 cal 
gmole 


+ (109,100) G : ) 


AH = 


One precaution is necessary when working with power-series expres- 
sions for C,. These are empirically fitted equations and are valid over a 
restricted temperature range. Thus, in Example 4-30, the expression 
for C, of carbon was valid between 273 and 1373°K; that for COs, between 
273 and 2500; and that for oxygen, between 300 and 5000°K. We 
should therefore expect our final expression to be valid from 300°K up to 
about 1373°K. 

These examples illustrate the usefulness of the thermodynamic path 
in the solution of heat-balance problems. The procedure is valid (and 
of the greatest value) for determining heat loads in equipment, i.e., the 
heat to be added or removed during the course of a reaction. In many 
cases the equipment is isothermal. In such cases the reactants and 
products are at the same temperature, and heats of reaction at the tem- 
perature in question are used. In more cases, however, the reactants 
and products are at different temperatures. This does not in any way 
invalidate the method. It may, however, make the calculations some- 
what longer. 

Example 4-31. Pure CO is mixed with 100% excess air and completely 
burned at constant pressure. The reactants are originally at 200°F. 
Determine the heat added or removed if the product temperature is 
200, 500, 1000, 1500, 2000, and 3000°F. 

Solution 

Basis: 1 lbmole CO 

CO + 402 = CO: 


For 100% excess air, oxygen added is 1 mole, and nitrogen supplied in the 
air is 3.76 mole. Tabulating reactants and products: 













Component | Mole in reactants | Mole in products 





Co. 1.00 0 
WOs hs Gib4bs:> 0 1.00 
Or 1.00 0.50 


(Weds 3.76 
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Assuming a base temperature of 25°C (77°F) and using mean heat 
capacities, 


AH — Hp — Hr - 
Therefore, AH = 2(nC,z)rx(77 — 200) + AH, csc) + D(nC',) p(te — 77) 
and GO = An 
121,745 Btu 4 
AH, = Suibmola ce at 25°C 


For the reactants, =(nC,)r is obtained in this table: 





Therefore =(nCz)k(77 — 200) = —4942 Btu 
and AH = Q = —126,687 + 2(nC;,) p(t — 77) 


Setting this up in tabular form: 






Component > ———E—_ ——————— Es ee ae ee 
Cp nCp Cp nOp 


leeeeeeesemeeee fe 























Notice ere oa: 3.76 |6.95 26.13/7.00 26.32] 7.15 26.88] 7.35 27.64] 7.55 28.39] 7.85 29.42 

M(nUs beeen aes se 39.85 41.51 43.04 44.44 46.32 

Z(n@y) P(t — 77)......-: 16,857 38,314 61.246 85,458 135,810 
oho ei ea ties —121,911] —109,830| —88,373 | —65,441 —41,229 +9,123 









Adiabatic-reaction Temperature. In the tabulation, Q represents 
heat added. If this quantity is plotted vs. temperature, the temperature 
at which no heat is added is about 2810°F. Such a condition might be 
expected in an insulated piece of equipment. Processes which are carried 
out in such a manner that there is no heat interchange with the sur- 
roundings are called adiabatic. We have previously defined them 
mathematically by the statement that Q’ = 0. 

The adiabatic case is a very important one. Most industrial equip- 
ment is run under conditions where the variables can be controlled. 
Typical examples are constant temperature, constant pressure, or con- 
stant volume. The other common case is the adiabatic. In this case 
one other variable, most commonly pressure, may also be controlled. 
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The adiabatic case arises in insulated equipment and also in cases where 
the chemical reaction (or physical process) is so rapid that heat transfer 
with the surroundings is negligible. 

The most common case of an adiabatic reaction where the equipment 
may not be insulated is the combustion reaction. In Example 4-31 the 
temperature 2810°F is the theoretical flame temperature. Such tempera- 
tures are usually not attained in actual flames, because of radiant heat 
loss, but they represent the upper limit of temperature when there are 
no heat losses. 

Example 4-31 shows one method by which a theoretical flame tem- 
perature may be calculated. The calculation is sometimes done by trial 
and error as illustrated below: 

Example 4-32. Calculate the theoretical flame temperature for CO 
burned at constant pressure with 100% excess air, when the reactants 
enter at 200°F. 

Solution. From Example 4-31, we may write 


AH = 0 = —126,687 + 2(nC,) p(t — 77) 


Therefore, ee y ae 126,687 


Coo, + 0.5Cp,, + 3.76C>,, 


Poo; 


The procedure is to assume ¢t, substitute values of C,’s for this tempera- 
ture, and calculate ¢. From the calculated value a new ¢ is assumed, and 
the procedure repeated until the calculated and assumed values agree. 






Component 















Rosati we hea axe 12.75 12.75 12.65 12.65 
Cee re et 0.5 8.30 4.15 8.25 4.13 
Ne. hen eae Fee 7.85 29.42 7.80 29.33 
=(nC>) 46.32 46.11 
ita 2735 2747 
Z(nC >) 
t (calculated) 2812 2824 





The last trial in the calculation is probably not justified. Most heat- 
capacity data are reported on plots which cannot be read to the precision 
which allows the calculation to four significant figures. Furthermore, use 
of the slide rule does not give this precision. From the first and second 
trials it is evident that a slight change in the estimated temperature would 
not change the final calculated value significantly. The flame tempera- 
ture is about 2820°F, which compares favorably with the value of 2810 
estimated from the plot of values in Example 4-31. 
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The principles illustrated in the example are applicable to all adiabatic- 
reaction problems. The method used is purely an application of the 
thermodynamic path. In all cases the AH (assuming a constant-pres- 
sure process) is equal to the heat transferred with the surroundings. 
Setting this equal to zero specified the adiabatic process. 

Example 4-33. One grammole of CaCl: is added to 10 gmole of water 
at 25°C in an insulated container at constant pressure. How hot does 
the mixture become? 

Solution 

Basis: 1 gmole CaCl, + 10 gmole H2O. From a plot of integral heat 
of solution of CaCl: in water, 


AH, = —15,500 cal 
The weight of solution is 


(1)(40 + 71) = 111 g CaCle 
(10)(18) = 180 g H.O 
291 g total 


The approximate specific heat (actually a point value at 20°C) is 0.60. 


AH, 15,500 
At = —~ = 2m = 88.5 C° 
WC,  (291)(0.6) 


Therefore, the final temperature is 


88.5 
+25.0 


113.5°C 


(if the solution does not boil below this temperature). 

We may also obtain flame (or reaction) temperatures at constant 
volume. In this case, from the thermodynamic analysis of the constant- 
volume-batch process, AU = 0. Thus, 


AU = 0 = 2(nC,.)r(te — tr) + AU, + 2(nC,)p(te — te) (4-54) 
where ft; = temperature of reactants 
t, = base temperature 
te = temperature of products = reaction temperature 
In the case of reactions with solids and liquids, AU, and AH, are 
approximately equal. Furthermore, C, and C, values are about the 
same. Thus, in general, we may say that the adiabatic-reaction tem- 
peratures in such systems are about the same for constant volume and 
constant pressure. In the case of gases, however, there may be large 
differences. The AU, and AH, often do not vary greatly, but the C, 
values are always considerably lower than the C, values. When no 
data are available for C, values, assume C, = C, — R. 
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Example 4-34. What is the theoretical flame temperature of CO 
burned with 100% excess air at constant volume? The initial tem- 
perature is 200°F. 

Solution 

Basis: 1 lbmole CO. All stoichiometric quantities are the same as in 
Examples 4-31 and 4-32. 


AU = 0 = X(nC,)2(77 — 200) + AU 25%) + 2(nC,) p(ts — 77) 
AU, = AH, — A(PV) = AH, — RT AN = —121,745 


— (1.987) (537)(—0.5) = —121,211 Btu 


lbmole CO 
For the reactants, =(nC,)p is obtained in this table: 








—3533 Btu 


(28.72)(77 — 200) 
Therefore, AU = 0 = —3533 — 121,211 + Z(nC,)p(t2 — 77) 


124,744 
z(nC.)p 


and to = a + 











Component 


























CO>. 1 13,25°°11.25 11-25 13.00 11.00 11.00 
5 Cae APO 0.5 8.50 6.50 3.25 8.40 6.40 3.20 
Mes feu. 3.76 8.05 6.05 22.75 7.95 5.95 22.37 
=nC, 37.25 36.57 
at de 3411 
=nC, 


t (calculated) 





The estimated constant-volume flame temperature is thus about 3490°F. 

We have attempted in this chapter to introduce the background 
material for ‘heat balances” in a fairly rigorous style. More could have 
been done, but to do so would not only cover too much of later courses 
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but would also preclude your going further in this course in the usual time 
allotted. 

In making a heat balance we may use the equation ‘input-output 
= accumulation” just as we do in material balances. We must some- 
times look more carefully to find all the input and output energy. Even 
in the restricted cases we have covered we must consider chemical energy, 
sensible heat, and latent heat. While we have excluded work, potential 
energy, kinetic energy, and other miscellaneous forms of energy from our 
final equations, we have nevertheless made every effort to emphasize the 
restrictions thereby placed on our working equations. 

These basic points have been made during the discussion: 

1. For a constant-volume batch system 





Q = AU 
2. For a constant-pressure batch system 
Q = AH 
3. For a steady-state flow system 
Q’ = AH 
_(0H\ _ dQ 
4. C,= (3) = oT at constant pressure 
0 
5. C, = (3) = ca at constant volume 
6. A mean heat capacity is defined by 
srecie ade 
C= Tat 
7. For perfect gases, C, and C, are functions of temperature only, and 
C,=Ci4+R 
8. For phase changes at constant pressure 
Q = AH 


where AH may be heat of fusion or vaporization. 

9. The change in a property, such as U or H, is independent of the path 
by which the change is calculated. 

10. The equations such as Q = AU, Q = AH ,and Q’ = AH are equally 
applicable to chemical and physical changes. 

11. In thermochemical equations sufficient descriptive material must 
be included to define the states of the materials completely. 

12. All the enthalpy effects, such as heats of dilution, combustion, 
reaction, and formation, may be considered as heats of reaction. 
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13. If a series of thermochemical equations is added to obtain a desired 
equation, the enthalpy change of this desired reaction is obtained by 
adding the enthalpy changes of the series of reactions. 
14. Heats of mixing of perfect gases are zero. Thus we may use mixed 
heat capacities defined as 
C>., = LyiC'p, 


15. Constant-pressure heats of reaction (enthalpies) may be calculated 
from constant-volume calorimetric measurements by 


AH = AU + RT AN 


where AN = change in number of gaseous moles. 

16. Adiabatic reactions or processes are defined by Q’ = 0. Specific 
examples of the use of this concept are the theoretical flame temperature 
and the adiabatic-reaction temperature. 


PROBLEMS 


4-1. Make the following conversions: 

a. A rate of heat flow of 5000 Btu/(hr) (ft?) to cal/(sec) (em?) 

b. A heat capacity of 3 Btu/(lb)(F°) to cal/(g)(C°) 

c. A thermal conductivity of 200 Btu/(hr)(ft)(F°) to cal/(sec)(em)(C°) 

4-2. The heat capacity in Btu/(lbmole)(F°) of CO, at atmospheric pressure is given 
approximately by 

C, = 9.00 + 2.71 x 10-%t — 0.256 x 10%? 

where ¢t = °F. 

a. Working in each case from this equation, find equations for C, as functions of 
temperature for the following sets of units: 








Go Temperatures 
(1) | Btu/(Ibmole)(R°) °R 
(2) | cal/(gmole)(C°) °C 
(3) | cal/(gmole)(C°) °K 
(4) | Btu/(Ibmole)(C°) 8. 
(5) | Chu/(bmole)(C°) °C 
(6) | kcal/(kgmole)(C°) Ae; 
(7) | cal/(g)(C°) °C 
(8) | Btu/(lb)(F°) °F 


b. Choosing a convenient temperature, say 0°C, compare numerical values of C, 
from the above equations. Indicate which values should be numerically the same. 

4-3. Numerous equations have been proposed to fit curves of C, vs. temperature. 
One form, in descending power series as opposed to the ascending series of the usual 
polynomial form, is 
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a. For the three-term form, calculate the amount of heat necessary to heat a 
material from 7, to T2. 

b. Determine the average heat capacity between 7, and T: for the two-term form. 

c. Determine the average heat capacity between 7’; and 7’ for the three-term form. 

4-4. When the heat capacity of a substance is a linear function of temperature, 


Cp =a+0bT 
where 7 = absolute temperature. 

a. Show that the mean heat capacity between two temperatures 7’, and 7: is the 
same as the true or point value of the heat capacity at the average temperature 
(T, + T:)/2. tt 

b. Show whether the above statement is true or false when the heat capacity 1s a 
linear function of temperature: 

C, =a+bt 


where ¢ is temperature in °F or °C instead of absolute temperature. 
4-5. SO; has a molal heat capacity of 


Cp = 8.20 + 10.236 x 10-*7 — 3.156 x 10-*T? 


where C, = cal/(gmole)(C°) and 7 = temperature, °K. 
a. Calculate the true molal heat capacity at 100°C. 
b. Calculate the mean molal heat capacity between 0 and 100°C. 
c. How many Btu are needed to heat 100 lb of SO; vapor from 0 to 100°C? 
4-6. The point and average heat capacities of a substance are 


C, =a+bt +c? 
and Cp =a' + dt + c't? 


Assume these equations are for t in °C and C, in cal/(gmole)(C°). The 28 is based on 
a temperature tin °C. Show that the same equation is obtained for C, in Btu/(Ib- 
mole)(F°) and ¢ in °F by 

a. Direct conversion of the equation for C, 

b. Conversion of the equation for C, followed by integration 

4-7. Example 4-6 in the text asks how much heat is necessary to heat 1 lbmole 
of CO: from 200 to 800°F. The following point values of heat capacity are available: 


0 200 400 600 800 


9.53 10.04 10.54 11.01 


Various methods for solving the problem are shown. 

a. Solve the three simultaneous equations to find the constants in the equation for 
C, as a function of temperature. 

b. Perform the graphical integration described in the problem. 

c. Perform the numerical integration described, using 100-F° intervals instead of 
200-F° intervals. 

d. Plot enthalpy vs. temperature, using a base temperature of 500°F, and solve 
the problem. 

4-8. Toluene, C;Hs, has a heat of vaporization of 86.5 cal/g at 100°C. The C, of 
the liquid is 0.44; that of the vapor is 0.32. 

a. Calculate the heat of vaporization in cal/gmole at 40°C. 

b. Calculate the heat of vaporization in Btu/lbmole at 40°C. 


c. Calculate the enthalpy of toluene vapor at 150°C if the enthalpy of the liquid is 
arbitrarily set at zero at 18°C. 


11.45 
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4-9. How much heat would be absorbed or released from the hydrogenation of 
acetylene to ethane at standard conditions? 


a. Use heat-of-combustion data for the calculation. 
b. Perform the same calculation using heat-of-formation data. 
4-10. When water is added to calcium carbide, the reaction 


CaC, = ie H:,0 — CaO + C.H. 


takes place with the evolution of acetylene. What heat effect is associated with this 
reaction at 25°C? 

4-11. a. Using heat-of-combustion data, calculate the heat of formation of methyl 
alcohol in cal/gmole at standard conditions of 1 atm and 25°C. 

b. Calculate the heat of formation in Btu/Ib. 

4-12. The standard heat of combustion of methane, CH,, is —212,798 cal/gmole 
when the water formed is in the liquid state. What is it when the water is assumed to 
remain in the vapor state? 

4-13. Given the following standard heats of combustion in cal/gmole: 


Benzene (l) to COz and H.O(l) —780,980 
Benzene (g) to COz and H:O(g) — 757,520 
Hydrogen to H.2O(I) — 68,317 
Hydrogen to H.O(g) — 57,798 
Graphite to CO. — 94,052 


Calculate the following: 

a. The heat of combustion for benzene (/) to water (g) 

b. The heat of combustion for benzene (g) to water (I) 

c. The heat of vaporization of benzene 

4-14. Five grammoles of water is added to 5 gmole of 20%m HCl in water at 25°C. 
How much heat is released or absorbed? 

4-15. Which is the cheaper fuel, Pyrofax (pure propane) at $11/100 lb or natural 
gas at $1.25/1000 ft*? The natural gas has a gross heating value of 950 Btu/ft*. 
Compare net heating values. The natural gas is 67.0% ethane (C2H,), 32.3% 
methane (CH,), and 0.7% Nz. 

4-16. a. Calculate AH; (heat of formation) of n-pentane at 25°C and 1 atm from 
heat-of-combustion data. 

b. Calculate AU at 25°C for the formation of n-pentane. 

4-17. One gram of pentene-1 is burned with oxygen in a constant-volume bomb. 
The experiment is run at 25°C with a pressure of 2 atm at the start. If the bomb is 
assumed to have a heat-capacity equivalent to 500 g of water, how much water must 
be placed around the bomb so that the total rise in temperature is not more than 1.0 
C°? Assume that the pentene-l is a gas at the time of combustion and that all water 
formed is condensed. State any other assumptions made. 

4-18. In an experimental study of the fundamentals of gas producers, pure steam is 
blown through a bed of glowing carbon. The over-all reactions which occur (although 
there may be numerous simultaneous side reactions) are 


C + H.0(g) — CO + H:2 (A) 
and C + 2H20(g) — CO2 + 2H: (B) 
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In one experiment steam at 1 atm and 1600°F is blown through carbon also at this 
temperature. Assuming that the heat capacity of carbon is constant at 3 Btu/(lb- 
mole) (F°), calculate ; 

a. The heat of reaction for (A) at 1600°F 

b. The heat of reaction for (B) at 1600°F 

4-19. In the hypothetical reaction 


A+B-C 
the heat of reaction at 20°C is —10,000 cal/gmole of C formed. If the C, values are 


A: 6.0 + 0.05% 
B: 6.5 + 0.20% 
C: 15.0 + 0.60¢ 


where C, = cal/(gmole)(C°) andt = °C, at what temperature, in °C, does the reaction 
change from exothermic to endothermic? 

4-20. In an experiment, methane (CH,) is burned with the theoretical quantity of 
air for complete combustion. Because of faulty construction and operation of the 
equipment, the reaction does not proceed to completion; all the carbon which burns, 
however, goes to COz. If the methane and air are originally at 25°C and the total 
products (including unburned CH, and unused O2) leave at 400°C, what percentage 
of the methane is burned? Note that the water leaves in the vapor form. 

4-21. Dry methane is burned with dry air. Both are at 25°C initially. The flame 
temperature is 1300°C. If complete combustion is assumed, how much excess air 
is being used? 

4-22. Methane at 25°C and 1 atm pressure is burned with 100% excess air, also 
originally at 25°C and 1 atm. What is the theoretical flame temperature? (Water 
produced would be in the vapor state in the flame.) The reaction is carried out at 
constant pressure. 

4-23. Which gas will give the higher maximum theoretical flame temperature when 
burned in a torch with air, Pyrofax (assumed pure propane, C;Hs) or acetylene 
(C2H:2)? 

4-24. One grammole of solid KOH at 25°C is added to 20 gmole of water, also at 
25°C. No heat is allowed to escape. Estimate the final temperature of the mixture. 

4-25. Plot the theoretical flame temperature in °F vs. per cent excess oxygen 
from —100% (no oxygen fed) to 500% for the combustion of CO originally at 25°C 
for these cases: 

a. Combustion with pure oxygen at constant pressure (1 atm) 

b. Combustion with air at constant pressure 

c. Combustion with air at constant volume 
Show sample calculations for all cases for 25% of theoretical and 500% excess. (Parts 
of some curves may be outside the range of available data and may be omitted. The 
solution can be simplified by the use of a tabular form.) 

4-26. A solution of 10%w NaOH in water is concentrated by evaporation to 50 %w. 
The solution is initially at 90°F. At the end of the process the hot concentrated 
solution is at 230°F. The water vapor leaves at an average temperature of 212°F. 
How much heat is supplied per ton of initial mixture? 


4-27. The following data are available for the integral heat of solution of NaOH 
at 25°C: 
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Mole H:0/mole NaOH AH goin, cal/gmole NaOH 
0 —0 
2 —4,600 
4 —8,300 
6 —9,900 
8 —10,200 
10 —10,300 
16 —10,300 
20 —10,200 
50 —10,100 


Calculate the number of Btu necessary to concentrate 100 lb of 18.2%w solution 
NaOH to 52.6%w under a pressure of 1.94 psia. The boiling point of the 52.6% 
solution at this pressure is about 195°F. Assume both feed and products at this tem- 
perature. Show clearly the thermochemical equations used in obtaining the solution. 

4-28. The gases entering a sulfur converter contain 2.1%m SOs, 8.5% SO2, 9.6% Oz, 
and 79.8% Ne. Only the reaction 


SO, + 1¢02— SO; 


takes place. No materials are added or removed except by the single process stream. 
The outlet gases contain 82.46% Nz. How much heat is evolved per 100 gmole of 
entering gas, if the reaction takes place isothermally at 450°C? 


Chapter 5 
UNIT OPERATIONS 


Prior to World War I, the chemical industry in the United States was 
chiefly occupied with the production of “heavy” chemicals. Heavy 
chemicals are relatively simple inorganic compounds, like lime and sul- 
furic acid, that are so widely used that they must be produced in tre- 
mendous quantities. The production was supervised by men who were 
called ‘‘industrial chemists.”” These individuals had to have a knowledge 
of mechanical engineering as well as chemistry because a major part of 
their consideration was the pumping, heating, cooling, and mixing of 
process materials. In addition they were concerned with operations such 
as distillation and filtration which were employed to separate materials 
and which were not a part of any recognized technology. The advent of 
World War I forced the development of organic chemical technology 
and created a demand for more industrial chemists as the United States 
was freed from dependence on Germany for synthetic organic chemicals. 

The effort of the American manufacturers to produce materials cheaply 
on a large scale required economical utilization of heat and power and led 
to further investigation of separation processes from the standpoint of 
equipment design. In 1915, Arthur D. Little and William H. Walker 
described the concept of ‘‘unit”’ operations in a report to the corporation 
of the Massachusetts Institute of Technology. They classified industrial 
processes into operations such as distillation, evaporation, and filtration 
for which certain recognizable types of equipment were used. This led 
to a quantitative approach to the operations and to the development of 
chemical engineering as we know it today. In 1922, the American 
Institute of Chemical Engineers accepted the following first official defini- 
tion of chemical engineering: 

“Chemical engineering, as distinguished from the aggregate number of 
subjects comprised in courses of that name, is not a composite of chemis- 
try and mechanical and civil engineering, but itself a branch of engineer- 
ing, the basis of which is those unit operations which in their proper 
sequence and coordination constitute a chemical process as conducted on 
the industrial scale.” 
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The definition accepted by the A.I.Ch.E. at present is as follows: 

“Chemical engineering is the application of the principles of the 
physical sciences together with the principles of economics and human 
relations to fields that pertain directly to processes and process equip- 
ment in which matter is treated to effect a change in state, energy con- 
tent, or composition.” 

In the remainder of this chapter, we describe the field of chemical 
engineering, discuss and classify operations, and finally apply heat and 
material balances to certain selected unit operations. 


CHEMICAL ENGINEERING 


The basic objective of chemical engineers is to produce chemical prod- 
ucts at a profit. To meet this objective, they must be interested not 
only in the design, construction, and operation of individual pieces of 
equipment, but also in the development of entire manufacturing pro- 
cesses. The general scheme of development of a new process involves 
numerous steps. A new product for which a demand seems apparent is 
developed by a chemist in most cases. In general, he works with small 
bench-sized apparatus. The engineering group of a company is given the 
job of evaluating the possibilities of building a plant to mass-produce this 
chemical. 

After a preliminary evaluation, including market research by the sales 
division, it may be desirable to carry out pilot-plant studies. These are 
done in a small plant, producing perhaps 100 lb a day, where studies are 
made concerning the proper range of temperature, pressure, composition, 
time, etc., to make the product economically. Other factors such as 
safety hazards, materials of construction, and waste disposal are also 
considered here. This work is usually done by chemical engineers. 

If the pilot-plant studies seem favorable, full-scale design may be 
undertaken. Calculations of quantities of materials, energy balances, 
plant layout, and approximate equipment size are usually done by chemi- 
cal engineers. Detail design of equipment, controls, electrical wiring, 
etc., is then usually done by mechanical, electrical, civil, architectural, 
and other engineers and specialists. 

During plant construction numerous members of the engineering 
department are on hand to check progress and to advise on questionable 
details. 

After the plant is built, the supervision of testing and putting the plant 
into smooth operation is done by chemical engineers. They also usually 
supervise normal operating and testing during production. 

Most chemical engineers are in the above work. Others are found in 
related fields such as teaching, pure research, and technical sales. 
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UNIT OPERATIONS AND PROCESSES 


The steps in the production of every chemical may be divided into three 
major groups. With few exceptions, the focal point of every plant is the 
reactor, where a chemical change from reactants to products is caused to 
occur. 

Before the reactants enter the reactor, they may pass through numerous 
pieces of equipment. The primary function of this equipment is to 
place the reactants at the proper temperature, pressure, composition, 
purity, and phase to meet the design requirements of the reactor. 

When the products leave the reactor they also must be processed. 
Often a mixture of products, contaminants, and unused reactants must 
be treated to obtain the various products in sufficiently pure form for 
the market. 

In general, all the equipment except the reactor is used to cause 
physical changes—blending, separating, heating, cooling, pumping, etc. 

The various physical operations, such as fluid flow, heat transmission, 
and distillation, are called unit operations. The reason for such clas- 
sification is that the principles of any operation, such as distillation, are 
the same regardless of other differences which may exist between two 
plants. Chemical reactions may be classified as oxidation, nitration, 
hydrogenation, etc., and are divided into unit processes. You can accu- 
mulate the most comprehensive knowledge of the field if you learn 
the relatively few fundamental principles concerning these operations 
and processes. You can then learn rather easily the peculiarities of a 
particular application once you are working in the field. 


FUNDAMENTALS 


While the unit operations and processes are the building blocks of any 
chemical plant, these are in themselves often quite empirical. The 
calculations are based on generalized equations and correlations of 
laboratory and plant data. While these are essential to the rapid solu- 
tion of practical problems, the engineer must recognize that all general- 
ized relationships must rest on sound fundamental background. For 
this reason, fundamental courses, like stoichiometry, must be studied 
and understood before undertaking a study of “applied” courses. 

From the fundamental standpoint, the solution of almost every 
chemical-engineering problem, whether a unit operation or process, 
includes several phases: 

1. Quantities of reactants and products to be processed must be known. 
It is for this purpose that stoichiometry is studied, 

2. Quantities of energy, particularly heat and certain types of work, 
must be evaluated. This material is thermodynamics. The broader 
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interpretation of stoichiometry, assumed in this book, includes heat 
balances as a matter of convenience. 

3. Rates of reaction and material transfer must be known. In the 
broader sense, this may be called ‘“‘kinetics.’”” Usual courses in kinetics 
are actually chemical kinetics, where most interest is given to rates of 
chemical reactions. Rates of physical processes are studied as part of 
unit operations. Much work is presently being done on fundamental 
studies of mass, momentum, and energy transfer. 

These three stages of a problem must be considered in practically every 
case. Sometimes the engineer is interested in predicting or evaluating the 
performance of an existing piece of equipment. At other times the equip- 
ment is to be built or purchased, and the final stage of the problem is 
equipment design. From the physical properties of the chemicals and 
materials of construction and from the basic principles underlying unit 
operations and unit processes, the engineer is able to specify equipment 
which will handle the proper amount of material, remove or add the 
necessary energy in the proper form and at the required rate, and allow 
sufficient time for reaction. (Since this specification usually leads to 
construction or purchase of equipment, design engineers often include 
economic balances as a fourth major category of fundamentals.) 

The above steps cannot always be considered individually. Both 
the theoretical degree of completion and the rate of a reaction are 
dependent on operating conditions, while these conditions themselves 
are dependent on equipment size and shape and on the materials of con- 
struction. Complex problems can often be solved only with the most 
advanced mathematics. 


CLASSIFICATION OF UNIT OPERATIONS 


As mentioned above, unit operations are physical in nature. Their 
purpose is to process materials—reactants and products—to desired 
specifications of temperature, pressure, composition, and phase. From 
the standpoint of purpose, they fall into five major divisions: 

1. Fluid flow 

2. Heat transmission 

3. Blending operations, such as agitation and mixing 

4. Separation operations, such as distillation, extraction, absorption, 
adsorption, evaporation, crystallization, humidification, drying, filtration, 
and centrifugation 

5. Solids handling, such as crushing, grinding, screening, and 
fluidization 

There is no clear division between some of the operations. Con- 
tinuous-evaporator calculations, for example, require fluid-flow equations 
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to determine pipe and pump sizing and heat-transfer equations to size 
the steam coils and condenser. In some cases crystallization may occur 
in the evaporator. It is thus to your advantage to look upon an evapora- 
tor as a piece of equipment where the processes of fluid flow, heat trans- 
mission, and possibly crystallization are utilized to effect a change in the 
composition of a solution. Any special equations which may be devel- 
oped to simplify evaporation calculations can be shown to have an origin 
in the other operations mentioned. 

It is not the purpose of this text to explore the field of unit operations. 
Thus the rest of this chapter is devoted to illustrations of the use of 
material and heat balances in a few representative cases. An extensive 
study of unit operations shows that there are many short cuts which can 
be taken to simplify the calculations. The use of such approaches is 
not advisable until the bases of them are clearly understood. Conse- 
quently, the sample problems are often solved by rather laborious means, 
chosen specifically to illustrate application of principles. 


FLUID FLOW 


This topic is considered first in most chemical-engineering unit- 
operations courses. The engineer must be familiar with the principles 
of fluid flow because it is necessary in every plant to transport reactants 
and products to various parts of the plant for processing. In most cases 
these materials are fluid, i.e., liquid or gaseous. The engineer must be 
able to determine sizes and types of piping and pumps to move the cor- 
rect quantities of materials. The basic fundamentals of fluid flow are 
thermodynamic and kinetic in nature, and stoichiometry is little used 
here. 

One principle of value, however, is a direct consequence of the law of 
conservation of matter; this is the equation of continuity. It is frequently 
used with thermodynamic and empirical relationships in the derivation of 
important equations. Basically, it is a mathematical statement of the 
obvious fact that the mass rate of flow is constant in a pipe where a fluid 
is flowing under steady-state conditions. Consider the following 
example. 

Example 5-1. At one point in a 4-in. ID pipeline a gas at 20 psia and 
30°C has an average velocity of 8 ft/sec. At some distance downstream, 
on the outlet side of a compressor, the gas passes through a venturi meter 
(a flow-measuring device). The gas in the throat of the venturi, which 
has an ID of 1.5 in., is at 50 psia and 40°C. What is the velocity of the 
gas in the throat, assuming that the perfect-gas law is valid? 

Solution. Since the operation described is purely physical, it seems 
evident that the moles of gas passing the upstream point during any 
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time interval is equal to the moles passing through the throat in the same 
time interval. This is the equation of continuity for this problem. 
Mathematically, 


Ni = Nz 


where N = number of moles/unit time and subscripts 1 and 2 refer to 
upstream and downstream, respectively. 
Letting u = velocity, ft/sec 

V = molar volume, ft?/lbmole 

S = cross-sectional area, ft? 
the term uS/V has the units of mole/sec and thus represents the rate of 
flow of the gas. From the equation of continuity, 

US, ms US 


pid eat 
and thus U2 = (ui) (=) (7) 
2 1 


The value (D,/D:)? may be substituted for S:/S2, where D represents the 
diameter. (Note that any units may be used for D, as long as the same 
units are used for D; and D2.) 

The values of V; and V2 may be calculated from the perfect-gas law as 


V2 _ (Ts a4 
and thus an (7) (2 


Substituting in the equation, 
_ (8 ft\ (4 \’ (313) (20\ _ 23.5 ft 
42 = \sec/ \i.5/ \303/ \50/ ~ ~ sec 


HEAT TRANSMISSION 


This is usually considered after fluid flow in chemical-engineering 
courses. As in the previous case, the fundamentals are mainly thermo- 
dynamic and kinetic in nature. 

The engineer is interested in heat transfer because most chemical 
processes are not carried out at room temperature. Reactants and 
products must be heated or cooled. Some reactions are exothermic, and | 
heat must be removed; others are endothermic, and heat must be sup- 
plied. The engineer must calculate the heat quantities and rates. He 
must then employ the numerous theoretical and empirical relationships 
of this field to design and operate equipment to meet the requirements 
of his process. 
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Heat balances were discussed in Chap. 4, and typical examples of heat 
exchange were illustrated in the problems. 


SEPARATION OPERATIONS 


By far the largest group of operations may be classified as separation. 
These include physical processes where two or more phases separate, 
such as filtration, dust collection, and decantation. There are processes 
where a material may move from one phase to another because of a greater 
affinity for the second phase. [Illustrative of this class are extraction, 
absorption, and drying. Some processes, such as distillation and crystal- 
lization, depend on a tendency for one material in a mixture to separate 
into another phase under the influence of heat or of change in concen- 
tration. There are many similarities between many of these operations, 
and it is unnecessary to classify them into one or another group except 
for purposes of illustration. 

From the standpoint of material and energy balances, there are no new 
principles in unit operations which have not already been presented. 
There are, however, numerous aids to calculation which permit more 
rapid solution of problems. Some of the more important of these will be 
presented in subsequent pages. There are also certain types of processing 
involving physical layout of equipment which are of practical significance. 
These will be introduced at appropriate points in the chapter. 

Evaporation. We have chosen to discuss in some detail the common 
separation operation of evaporation because it clearly illustrates impor- 
tant stoichiometric principles. In general, this operation may be defined 
as the separation of a volatile solvent from a nonvolatile solute by 
vaporization of the solvent. In most practical cases the solvent is water; 
consequently the solute is the valuable product, and usually no attempt 
is made to recover the solvent. 

Evaporators come in many sizes, shapes, and types. It is not within 
the scope of stoichiometry to describe these many types. From the 
standpoint of making material and energy balances, the type of evapora- 
tor is relatively unimportant. Most evaporators are merely physical 
variations of the simplest type assumed in our calculations. 

Since the purpose of an evaporator is to vaporize some or all of the 
solvent from a solute, it is evident that the basic evaporator must con- 
sist of a means of supplying weak solution (feed), a means of removing 
strong solution (concentrate) and/or crystals, and a means of removing 
the vaporized solvent (evaporate). A source of heat, usually steam, must 
be available, and there must be some sort of heat-transfer surface so that 
this heat will pass from the steam to the boiling solution. The calcula- 
tions which must usually be made on an evaporator include over-all 
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material and heat balances, so that relative quantities of feed, con- 
centrate, and steam may be determined. Rate equations are also used to 
determme the size of equipment for a given amount of evaporation or 
amount of evaporation to be obtained from an existing piece of equip- 
ment. A sketch of an evaporator, satisfactory to aid in making material 
and heat balances, is given in Fig. 5-1. 

The figure shows a continuous evaporator. Some evaporation pro- 
cesses are carried out batchwise, but continuous operation is used wher- 
ever possible. The equations derived below apply to the continuous 
case. 

Except for very rare cases, all concentrations in evaporation are 


expressed on a weight basis. The 
following nomenclature will be Evaporate, & 
used: (to condenser) 


F = feed, lb/hr 

E = evaporate, lb/hr 

C = concentrate, lb/hr 

S = steam, lb/hr 

z = weight fraction of solute, 
Ib solute/Ib solution 

H = enthalpy, Btu/lb 

t = temperature, °F 

Cp = specific heat, Btu/ (Ib) (F°) 

Subscripts F, E, C, and S refer Fig. 5-1. Schematic diagram of evapo- 
to these streams rator. 












Evaporator 
body 


Concentrate, C 


Steam, S 
Enclosed 
steam coils 


Steam 
condensate 


Two material balances may be made: 
Total: F=EH+C 
Solute: Fzr = Cz, 


The heat balance may be written as an enthalpy balance for this sys- 
tem. Thus, heat in is the sum of enthalpies of the steam and feed: 


Heat in = SH scin) + FHr 


Heat out is the sum of enthalpies of condensed steam, evaporate, and 
concentrate, plus any losses from the system: 


Heat out = SH sou» + EHe + CHe + losses 
At steady state the two may be equated: 
SH gin) + FHr — SH scour) + EHe + CHe + losses 


In order to solve problems, we must express the enthalpies in terms of 
measurable quantities, such as temperature, pressure, and concentration. 
As mentioned in the previous chapter, when enthalpies are added as in 
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the above equation, they must all be referred to the same basis. Suppose 
that we choose as base conditions liquid water and solid solute at 25°C 
and l atm pressure. We may assign the water and solute enthalpy values 
of zero at these conditions. Now examine the nature of each quantity in 
turn, remembering that enthalpy is affected by temperature, pressure, 
and composition. 

Hsin) is the enthalpy of the entering steam minus the enthalpy of 
liquid water at 25°C and 1 atm. HA s;.4. is the enthalpy of the leaving 
condensed steam minus the enthalpy of liquid water at 25°C and 1 atm. 
The amount of heat obtained from the steam is (S)(H sis) — A scour). 
Note that this term could be obtained from tabulated values of enthalpies 
of water and steam based on any assumed base conditions, since the base 
enthalpy does not appear in the final expression. 

Hy is the enthalpy of the feed. We may establish its value by stand- 
ard thermochemical means: 


Hr = AH of solution + AH for temperature change 
+ AH for pressure change 


AH of solution is the standard integral heat of solution at 25°C and 
1 atm. 

AH for temperature change is i} ¢ Cp dt, where t = base temperature 
(25°C). 

AH for pressure change is ordinarily negligible for a liquid solution. 
Assigning an average heat capacity to the feed, 


Hr = AH, .in.F + Cop(tr = tp) 
Similarly, 


He AFA win.c + Celts — ty) 


The value Hg, since it applies to pure water vapor, contains no term 
for heat of dilution. As in the case of the steam, it merely represents the 
difference in enthalpy between the evaporate at existing conditions and 
liquid water at the base conditions. We may, however, represent it as 
follows: 


tp 
Hy = AH due to pressure + ‘p Cpviqy At + AH,» + ‘i Cu(vap) Gt 
tp 


In this equation the AH due to pressure is the enthalpy change for chang- 
ing the pressure on liquid water at 25°C from 1 atm to the pressure in the 
evaporator and is negligible. The water is heated to tp, the boiling point 
at the pressure in the evaporator. The enthalpy change for this step is 


tp . . eae 
f | Cpitia) dt. Since the heat capacity of liquid water is essentially 1, 


we may write this term as (1)(t, — &). The value AH vap.p 18 the latent 


UNIT OPERATIONS 163 


heat of vaporization at the pressure p. The final term represents sensible 
heat (in this case, superheat) in the vapor. Here also an average heat 
capacity may be used. 

All these terms combine into the following equation: 


S(A sin) — Hscoun) + Fl[AH wis.r + Cpp(tr — ts)] 
= C[AH witac + Cp(te — t)] + E[(1) (tp — te) 
+ AH vap.p + Cpcvap) (tz — tp)] + losses 


Rearranging the equation, and substituting ¢, = tz, the following is 
obtained: 


S AH s a F AH in. F = G AHS + Fc,,(tr = te) 
= (Cc,, + E — Fe,,)(te — te) 
+ El(tp — te) + AH vap,p + Cpcvap) (te — tp)] + losses 


This is an accurate heat-balance equation for evaporation calculations. 
You should note that it was obtained by exactly the same type of analysis 
as was used in practically all the thermochemical problems of the previous 
chapter. The equation is somewhat difficult to use, however, and we 
shall proceed to find a simpler form. This form will be the one used in 
industry in most cases. It involves certain assumptions which must be 
clearly understood. 

The first assumption involves the choice of base temperature. You 
will note that ¢ appears in the equation explicitly in only one term. It 
appears implicitly in the two heat-of-solution terms. We originally chose 
25°C as t& since most thermochemical data are available at this tem- 
perature. The equation is not changed in form if we define & = ¢., but 
one term is removed. Rewriting and rearranging, 


S AHs i Fc,,(tr a te) =— E Ol gas ate C AF visio = F AH win, F 
— E(t, — tp)(1 — Cpcvap)) + losses 


Now, implicitly, the heats of solution must be evaluated at ¢. It is 
usually assumed that the grouping 


C AH vin.c — F AHoin.r — Ete — tp)(1 — Cpvvap)) + losses 


is negligible compared with other terms in the equation. It is usually 
small and positive. The equation remaining is 


S A vap,s + Fc,,(tr — te) = 7 DY see 


Note that we have written AH,,,,s for AHs. This means that we usually 
assume that only the heat of vaporization of the steam is obtained when 
the steam is condensed. Superheat and subcooling are ignored. Since 
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neglecting the small positive grouping on the right makes this side smaller, 
the use of a smaller AH for the steam is justified. 
If we rewrite the equation 


S AH vay.s = EC Ate a tr) + E SH 


it corresponds to a word equation ‘The heat furnished by the steam is 
equal to the heat needed to heat the feed to the boiling point plus that 
needed to vaporize the desired amount of water from the solution.” 

In the development of the equations three temperatures, tp, tz, and t., 
appeared which need further explanation. ¢, is the actual temperature 
in the boiling solution. tg is the temperature of the vapors leaving the 
solution and is equal to?t,. ¢, is the boiling point of water at the pressure 
in the evaporator. The difference ¢, — t, is called the boiling-point rise. 
The BPR, as it is usually written, is due to vapor-pressure lowering of the 
solvent by dissolved solutes. Methods of calculating it are not a part of 
stoichiometry. We have assigned values to the BPR where it is neces- 
sary to work the problems in this text. You should note that, in the 
derivation of the simplified equation, we separated the term EF AH,,,., 
from two other terms containing E. These two terms, combined with 
E AH,,»,p, give the heat of vaporization at ¢,, that is, 


El(tp = te) i Vs ae T Cy(wap) (te on ty)] =E AA we 


It is customary to neglect the two sensible-heat terms. Usually the 
higher the BPR, the greater the heat-of-solution effect. The heat of 
vaporization at the pressure is higher than that at the temperature in the 
evaporator. The use of this higher value compensates to a great extent 
for neglecting the heat-of-solution terms. 

To review, then, the final equation presented is valid in most cases. 
It is customary to assume that the steam gives up only its heat of vapori- 
zation; superheat and subcooling are neglected. The heat of vaporiza- 
tion of the evaporate is determined at the pressure in the evaporator. 
The examples following will illustrate the general method of solution and 
the validity of the assumptions made. 

Example 5-2. A sodium hydroxide solution is being evaporated from 
35.7 %w NaOH to 52.6%w. Using the following information, calculate 
the steam required to concentrate 100 lb of entering solution. The feed 
enters at 150°F. The evaporate is removed to a condenser which main- 
tains a temperature of 140°F. The vapor condensing at this temperature 
maintains the evaporator body at its vapor pressure, 2.89 psia. Because 
of the high concentration of NaOH in the boiling solution (assumed to 
be 52.6%, the same as the product), the BPR is 83 F°. The inlet and 
outlet solutions have the following properties: 
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mole H;:O AH win at 25°C, | Average cp, 
mole NaOH |cal/gmole NaOH | cal/(g)(C°) 

‘ — 8400 0.80 
hs See ; — 4600 0.78 





Heat is supplied by steam entering at 30 psia and 270°F. The steam 
is superheated. It condenses at 30 psia and its saturation temperature 
of 250.3°F. The condensed steam is cooled to 235°F before it leaves the 
evaporator. The following data are from the steam tables: 





Enthalpy, relative to 


Conditions liquid water at 32°F, | AH,,,, Btu/lb 

Btu/lb 

Mise MOU see eee ae ine 45 

TAO Ke LO). Poe de eee) PS a eais.. 1014.1 

Pao ieee ast . pera eke 4 Gee rears 963 .2 

eau Hy 2.50 DSA L VADOY. mga. ceie yale a 1160 

235°F, saturated liquid............ 203.3 

ES ape aees fleet ea eaMiakes yh ox ~ 945.3 

30 psia, saturated liquid........... 218.8 

30 psia, saturated vapor........... 1164.1 

eri rs Ube) Wane een ae ee as 1174.2 





Enthalpy data are available for NaOH-H.0 solutions above liquid 
water and solid NaOH at 32°F: 


Conditions H, Btu/lb solution 
35-4%w, 150°F —46.6 
52.6%w, 223°F +33.6 


(Note that pressure effects on the enthalpy of the solution are negligible.) 
Solve the problem using (a) the simplified equations, (b) thermochemical 
equations, and (c) enthalpy data for the system. 
Solution a. Using usual simplifying assumptions: 
Basis: 100 lb entering solution 
Material balance: 


Fzp = Cz. 

_ (100)(0.357) _ 
C= ar ah ag 67.8 lb concentrate 
F=E+C 


E = 100 — 67.8 = 32.2 lb evaporate 
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Heat balance: 


S Alyce = Fc,,(te shad tr) + E Ws eae 

ae (100) (0.80) (223 — 150) + (32.2)(1014.1) 
= 945.3 
41,700 Btu = 44.1 lb steam 


S = 9553 Btu/Ib 


Solution b. By thermochemical calculations. The heat load may be 
calculated by a series of steps for which enthalpy values may be obtained. 
(Note that pressure changes are neglected.) 

1. Cool entering solution to 25°C (77°F). 


0.80 Btu 


et) (77 — 150)F° = —5840 Btu 


AH = (100 lb) ( 


2. Separate water from solution at 77°F. 


cal 1.8 ee) i a 
gmole cal/gmole 40 
= 6110 Btu 








AH = [—4600 — (—8400)] ( 


3. Heat the concentrate to 223°F. 


0.78 Btu 
(Ib) F*) 


4. Vaporize and heat water from 77° to 223°F, 2.89 psia. 


AH = (67.8 lb) ( ) (223 — 77)F° = 7720 Btu 


(1160 — 45) Btu 
lb 


Adding these four quantities, the total heat needed is 43,890 Btu. The 
estimate in part a is only about 5% low. If we use the larger enthalpy 
change for the steam (including superheat and subcooling), 


43,890 
1174.2 — 203.3 





AH = ( ) (32.2 lb) = 35,900 Btu 


Ss = 45.2 lb steam 


and the previously calculated value of 44.1 is low by only 2.4%. 
Solution c. By use of enthalpy diagrams. The over-all reaction is 


100 lb 35.7%w NaOH,| __ (67.8 lb 52.6% NaOH, 
150°F, 1 atm 223°F, 2.89 psia 


32.2 lb water vapor, 
223°F, 2.89 psia 


For steady flow, Q = AH. If we have enthalpy values for inlet and out- 
let streams available, we may merely add these algebraically and obtain 


| 
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the answer. Tables or plots of such values are available for some sys- 
tems. Values appropriate to this problem are given in the statement. 
All values must be on the same basis. 


AH = (82.2)(1160) + (67.8)(33.6) — (100)(—46.6) = 44,340 Btu 


This value agrees closely with the one from part b. 

At this point it seems advisable that we review our situation to place 
our work in its proper perspective. In the discussion of evaporation we 
have devoted more space to the development of the equations than we 
shall do for the other unit operations. We have done this for the purpose 
of showing how a process may be analyzed from basic material- and 
energy-balance considerations. We have then simplified the equations 
to the ones usually encountered in practice. In doing so, we have made 
certain assumptions which restrict the range of usefulness of the equa- 
tions. Finally, we have given a numerical example to show that these 
assumptions are reasonable. 

You will find, in all unit operations, that simplified equations are 
usually preferred. These equations give answers which are close enough 
to the true answers that they may be safely used in practical engineering 
work. The engineer saves time when he uses the simplified equations in 
preference to the more complex rigorous equations. Since time saved is 
money saved in industry, short cuts are always used when it is safe to do 
so. The important point to recognize here is that there are almost always 
rigorous ways and simplified ways to perform calculations. The choice 
of which to use is a matter of economics and is made by the engineer, 
based on his judgment and experience. When in doubt, use the rigorous 
method until your practical experience is such that you may safely choose 
easier ways. 

There are other important implications in our work to date. We have 
mentioned more than once that we cannot calculate size of equipment 
solely from the material and energy balances. We may be even further 
restricted by chemical and physical properties of the materials with which 
we are working. 

Suppose, for example, that we work out a problem like Example 5-2. 
This tells us the steam requirement for 100 lb of entering solution. 
Suppose now that we know that 10 tons of entering solution must be 
processed per hour. We could then calculate the total steam required 
per hour. Now, let the problem be to specify a particular evaporator to 
do this job. We cannot determine the size from the calculations we have 
made. This requires a knowledge of heat-transfer coefficients, which are 
studied in unit operations. A further consideration in the choice of 
evaporator is the material of construction. This choice can be made 
only when you know the corrosion characteristics of the various possible 
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materials. Finally, there are many physical arrangements of equipment 
which would do the job. A choice must be made here also; this requires a 
thorough knowledge of the relative advantages and disadvantages of the 
different types. ‘These might be based on ease of installation and replace- 
ment, ease of cleaning the unit, possibility of using the unit for other 
purposes, costs of purchase and operation, delivery times, etc. It is 
evident that much more than just the material and energy requirements is 
needed before the unit can actually be specified. 

To continue our example, let us suppose that we have a unit which will 
perform the necessary separation on 10 tons of feed per hour. We might 
now ask, ‘How much steam is required for 20 tons of feed per hour?” 
The answer is easy; twice as much steam is required for 20 tons as for 10. 
However, an evaporator capable of concentrating the 10 tons may not be 
satisfactory for 20 tons. In fact, it may not do the job at all. It is 
possible that we could change the operating conditions, such as the 
amount of vacuum and the steam pressure, to process the 20 tons, but we 
cannot process the 20 tons in the 10-ton unit under exactly the same 
conditions as for 10 tons/hr. Thus we have a situation where there is 
no complication as far as material and energy balances are concerned, 
but a practical answer as to how to operate the unit (or whether it will 
work or not) demands knowledge of evaporation not gained from simple 
stoichiometric studies. 

Let us consider another complication which might arise in such calcu- 
lations. Suppose that we have made the calculations for sodium hydrox- 
ide solutions, as in the example. Then we find that an error has been 
made and that the calculations were to have been made for a different 
solute, such as sodium chloride or potassium nitrate. Can we say that 
the same amount of steam is necessary for these other solutes? The 
chances are high that we cannot. The other solutes have different heats 
of solution; the specific heats of their solutions are different. Further- 
more, these materials may not be as soluble as sodium hydroxide, and we 
might find that crystallization would occur if we tried to make the outlet 
solution as concentrated as the outlet sodium hydroxide solution. We 
might find that some solutes would crystallize out as solid solute and that 
others would crystallize out with water of hydration. Thus our material 
and heat balances may be different from those for sodium hydroxide and 
can be made only if we have knowledge of the chemical and physical 
behavior of these solutes in solution. 

Assuming that we could make the material and energy balances and 
that these were similar to those for the sodium hydroxide, we could still 
not say that the evaporator suitable for sodium hydroxide solutions would 
be suitable for the other solutions. Perhaps the heat-transfer coefficients 
would be considerably different, because of different properties of the 
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solutions. Perhaps these other solutes would have different corrosive 
tendencies, requiring entirely different materials of construction. They 
might have different tendencies to scale or to deposit out on heating 
tubes, requiring a different physical arrangement of the equipment for 
practical purposes of cleaning and repairing the equipment. All these 
considerations require studies of properties of chemicals, materials of 
construction, and unit operations, and questions based on these consid- 
erations cannot logically be answered just on a study of stoichiometry. 
Inventory Change. There is frequently a fundamental difference 
between the calculations made in order to design or specify a piece of 
equipment and the calculations made to evaluate the performance of an 
existing piece of equipment. This difference is due to the fact that most 
plant equipment is designed on the assumption that it will operate con- 
tinuously at steady state, whereas actual performance, while continuous, 
may not be steady-state. We may investigate these implications by con- 
sidering first the simple word equations of material and energy balances. 
The equation forming the basis of all our calculations is 


Input — output = accumulation 


We have pointed out previously that, for a batch process, where material 
is being added and none removed (as in blending a batch of paint), 


Input = accumulation 


For a batch process where material is being removed only (as in draining 
a solution from a batch of crystals), 


—Output = accumulation = —depletion 
For the steady-state continuous case, such as a continuous evaporator, 
Input = output 


This equation may be applied to the total amount of material for any 
unspecified amount of time, or it may be put on a rate basis: 


Rate of input = rate of output 


It is this form which is frequently most valuable and which would be 
used by a design engineer in selecting the proper piece of equipment for a 
given job. However, in evaluating the performance of existing equip- 
ment, even when it is operating continuously, we frequently find inven- 
tory changes have taken place. Thus, there has been an accumulation 
(or depletion) of material within the system, and we are forced to use 
the equation 
Input — output = accumulation 


Before going to some examples, we might investigate the mathematical 


170 STOICHIOMETRY FOR CHEMICAL ENGINEERS 


significance of some of the statements which have been made. Basically, 
the rate at which material enters or leaves a unit can be given as a deriva- 
tive; the total amount of material which has entered or which has left 
can be expressed as an integral. Let us define I, O, A, and D as input, 
output, accumulation, and depletion, respectively, for ease of writing the 
equations. Then, the basic equation is 


I-O=A 
Differentiating to get rates, 
aI_dO_dA 
do dé dé 


where 6 = time. 
For a total period of time @, 


and, if the rate dI/dé is constant, 


res 


Sep 


dl 
(6 a 0) = dé 6, 
This is an obvious equation, at least in word form. Thus, if 5 tons/hr 
of solution enters an evaporator, and it runs 24 hr/day, we calculate 


I = (5)(24) = 120 tons 


during the one-day period. 

If the rate is not constant, we may still calculate J if we know the rate 
as a function of time. It is for this reason that industrial plants have so 
many instruments which record rates vs. time. We may write the same 
sort of equations for O, A, and D in either batch or continuous processes. 

For the general case, we may write our input-output equation as 


* dT [% % dA 


This may appear as unnecessary symbolism, but it does add some mathe- 
matical validity to the treatment we wish to develop. Let us consider 
two problems in evaporation to illustrate our point. 

Example 5-3. An evaporator operating continuously is tested over a 
5-hr period. Both the evaporate and concentrate streams include 
integrating, or totalizing, meters from which the total amount of material 
which has passed through the meters may be read. The rate of output is 
controlled so that a constant composition (equal at all times to the com- 


position in the evaporator proper) is maintained. The following read- 
ings are taken: 
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Input meter, 






Output meter, 












hr total lb total lb 
0 145 , 600 327 , 400 
167,300 337 ,910 





The input contains 5%w solids. The concentration within the evapora- 
tor and in the outlet stream is 10%w. The diameter of the vertical 
cylindrical evaporator body is 4 ft. The specific gravity of the solutions 
may be considered 1 for simplicity. 

a. How much water is evaporated during the test? 

b. How much does the level of material within the evaporator change 
during the test? 

Solution 

a. If the evaporator nomenclature previously defined is used, 


input = feed = F 


and output = concentrate = C. In this case we let F and C refe to 
total pounds of material during the test. (We must also consider evapo- 
rate E as an output in calculating accumulation.) 


F = 167,300 — 145,600 = 21,700 lb 
C = 337,910 — 327,400 = 10,510 lb 


Since we know the concentrations, we may calculate H. In this case, 
since there is some accumulation and its concentration is the same as 
the concentrate, 


0.05F = 0.10(C + A) 
and F=(C+A)+E#4 
From the first equation, 

C+A=0.5F 


Therefore, from the second equation, 


E = 0.5F = 10,850 lb evap 


b. C+ A = 10,850 lb 
Since C is known to be 10,510 lb, 
A = 340 lb 
340 lb ; 
and 62.4 lb/ft" = 5.45 ft? accumulation 


The cross-sectional area of the evaporator body is xD?/4 = 12.6 ft. 
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Therefore, the rise in level is 


5.45 ft? 
12.6 ft? 


Example 5-4. The same test is run as in Example 5-3. In this case, 
however, the input and output lines are not equipped with totalizing 
meters. Instead, rotameters are used. These indicate instantaneous 
rates of flow. By an electronic circuit the readings are transmitted to 
recording instruments which plot a continuous record of rate vs. time. 
Scale factors within the instruments are such that the readings, in volu- 
metric units, are recorded in weight units. Selected readings are as 
follows: 


= 0.432 ft + 5.2 in. 


Concentrate rate, 


Ib/hr 


2500 
2400 
2250 
2050 
1800 
1500 





As before, the diameter is 4 ft, and the specific gravity is 1. The inlet 
concentration is 5%w, and the concentration of the material in the 
evaporator and in the concentrate stream is 10%w. Calculate the 
following: 


a. The total feed 
b. The total concentrate 
c. The amount evaporated 
d. The accumulation 
e. The rise in level in the evaporator body 
f. The rate of evaporation as a function of time 
g. The level in the evaporator as a function of time 
Solution 
5 

dF 

a. = pene 
F / qo dé 


We do not know the feed rate as a mathematical function of time and 
therefore cannot integrate the expression analytically. A graphical or 
numerical integration is satisfactory. Using the trapezoid rule, 


F = (1) (ow + 4850 + 4600 + 4250 + 3800 + 0) 
F = 21,625 Ib 
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2 
hte (1) fen + 2400 + 2250 + 2050 + 1800 + 15%) 
C = 10,500 Ib 
c. As before, E = 0.5F. 


E = 10,813 lb 
d. C+ A =0.5F = 10,813 lb 
A = 313 lb 
313 Ib ; 
e. 62.4 Ib/fte > 12.6 ft? = 0.398 ft ~ 4.8 in. 


Level rises 4.8 in. 

f. Since it was stated that the concentrate and accumulation at all 
times have a concentration of 10%w, the rate of evaporation must at all 
times be one-half the rate of feed. Thus we may tabulate the values: 




















SE MONG SNES: Se ek Sit gn: 0 1 2 3 4 5 
Rate of evaporation, Ib/hr............. 2500 | 2425 | 2300 | 2125 | 1900 | 1625 


g. The level in the evaporator as a function of time may be calculated 
in exactly the same manner as was the final level in partsdande. Again 
using the trapezoid rule, a sample calculation for the first hour is shown. 


_ 5000 + 4850 
ara 


F = 4925 lb 


C = 2450 lb 


E = (0.5)(4925) = 2462.5 Ib 
A = 4925 — (2450 + 2462.5) = 12.5 Ib 


(12.5)(12) 
(62.4)(10.6) 2? 


_ 2500 + 2400 
—e 


Rise in inches = 


In a similar manner the rest of the data are calculated. The results are 
summarized in the table. 














2,462.5 0.19 0.19 
1-2 2,362.5 0.57 0.76 
2-3 2,212.5 0.95 1.71 
3-4 2,012.5 1.33 3.04 
4-5 1,762.5 1.72 4.76 
10,812.5 4.76 





The examples illustrate some points regarding total (or integral) meters 
and rate (or differential) meters. The same over-all information may 
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be obtained from either. In this case, we were interested in the total 
water evaporated during the test period. The total-flow readings are 
easier to work with than the differential readings, which have to be 
integrated in some manner. However, if we are interested in the rates 
in a process, then the differential readings are much easier to use and are 
more reliable. For example, in Example 5-3, the only rate figure we 
could determine would be the average over the entire time period. In 
this case it would have been 21,700 lb/5 hr = 4340 lb/hr for the feed 
and one-half this value for the evaporate. In the practical testing of 
equipment, the rate as a function of time might be important. (In an 
evaporator, for example, the rate usually drops off with time, because of 
sealing on the heating surfaces. A careful study of this rate will deter- 
mine the most economical cycle of running and cleaning the evaporator to 
obtain maximum evaporation per day.) Such information cannot be 
obtained from total-flow readings taken at the beginning and end of a 
test period. . 

We can use integrating meters to obtain rates as a function of time if 
we take enough readings. Just as total flow is obtained by integrating 
differential-meter readings, we get flow rates by differentiating total-flow 
readings. In Example 5-4, had we used a total-flow meter instead of a 
rotameter, we might have obtained these data: 


Teeth, 2352 cence: 0 1 2 3 


—_—_—_—_——oOo|>—_——— | | | | 


0 4925 9650 14,075 18,100 


To obtain true differential rates, we should fit these data to an equation, 
then differentiate the expression, and finally substitute various values of 
time to get the rates. Usually the curve-fitting takes more time than is 
warranted, and rates are obtained by taking differences. Thus, we set 
up a table to find these differences: 


4 5 


——__ 


21,625 




















1 | se A RL ty 


@,hr|ae,hr} F,lb | aF, Ib Sf, lb/hr 














0 0 

] 4925 4925 
1 4,925 

1 4725 4725 
2 9,650 

1 4425 4425 
3 14,075 

1 4025 4025 
4 18,100 

1 3525 3525 


5 21, 625 
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These figures give average rates during short time intervals. Thus, 
4425 lb/hr is the average rate during the time from 2 to 3 hr during the 
test. In plotting the data, we should be very close to correct if we should 
plot 4425 lb/hr as the rate at 2.5 hr, the average of 2 and 3. 

A more complex case, from the standpoint of the arithmetic work 
involved, arises when the inventory changes for both total material and 
components. Principles involved are, of course, no different. Consider 
this example. 

Example 5-5. In testing the performance of an evaporator, measure- 
ments are taken of the total amount of feed, total amount of material in 
the evaporator, and concentration of the material in the evaporator. The 
inlet concentration is constant at Zr = 0.05 (5%w of salt). The outlet 
(concentrate) concentration is, at any instant, the same as that of the 
material in the evaporator. 

From the data, calculate the total amount of concentrated solution, 
the total amount of water evaporated, and the average concentration of 
the concentrated solution as functions of time. Determine also the 
approximate rates of removal of water and concentrate as functions of 
time. 





Data: 
: Total feed, | Accumulation, ae naan 
Time, 6, hr F. lb ith in evaporator, 
: ‘ Za, lb salt /lb solution 
0 5000 0.10 
1 5000 0.0997 
2 4980 0.0990 
3 4910 0.0974 
4 4760 0.0946 
5 4500 0.0902 
Solution 


Define F = total feed, lb 

A = accumulation, lb 

E = evaporate (pure water), lb 

C = concentrate, lb 
Zr = feed concentration, lb salt/lb solution 
Zs = concentration of accumulation (and instantaneous value of 

concentrate), lb salt/lb solution 
6 = time, hr 


At any time, the rate of accumulation is equal to the feed rate minus rate 
of output. This holds for both total mass of material and for the salt. 
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Thus 
dF dC dE & dA 
dé do ' do) dé 
dF dC d(AZa) 
and Zr TT ZA Adi. wate 


The two unknown quantities are C and E. We therefore wish to solve 
these equations for these quantities. Thus 


A 
dc, dB _aF _d 





do ' do de dé 
d dC _ZrdF _ 1 d(AZa) 
ey dsm deme ie 


We may integrate the first equation to obtain 
(Cr) Ky) a ie — Fg) ae a) 


where Co, Eo, Fo, and Ao are values at time zero. All can be assumed 
zero except Ao, which is given as 5000 lb. The second equation integrates 


to 
Saison ih 1 d(AZa) 
C-Or= Zr | A Wao ey arf dé 
These integrations cannot be performed analytically; consequently a 
numerical method must be used. 
We will choose time intervals of 1 hr. Then 





rd 
[ Ga-sc=c.- 06 


with similar expressions for AE, AF, and AA. 
For the more complex integrals, we must choose some average values to 
perform the numerical operations. Thus, 


1 
Zr [oz gt = OF 
0 A 





Za dO Z 

1 d(AZa) 1 
d ais 4) d@ = — A(AZ 
on ie, dé oe. * 


where Za, is the average value of Z4 during the interval, defined as 
(44)(Za, + Za,). We must again stress that these numerical-integration 
methods are approximations and that we have chosen to illustrate only 
the simplest one. 

We may now write the working equations: 


hia EAP Ae 
Za 


A 


and AE = AF — AA — AC. 
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Actual solution is best accomplished in tabular form. First we obtain 
AF, AA, Za, and A(AZa). For example, for the period from 2 to 3 hr, 
AF = 14,010 — 9640 = 4370 lb 
AA = 4910 — 4980 = —70 lb 
Za = 14(0.0990 + 0.0974) = 0.0982 (Ib salt/lb solution) 
A(AZ4) = (4910)(0.0974) — (4980) (0.0990) = —14.8 lb salt 


Results for the entire test period are shown in the table. 


8 F AF A AA Za Za AZa | A(AZa) 
0 0 5000 0.10 500 

4930 0 0.0999 -1.5 
1 4,930 5000 0.0997 498.5 

4710 —20 0.0994 —5.5 
2 9,640 4980 0.0990 493 

4370 —70 0.0982 —14.8 
3 14,010 4910 0.0974 478.2 

3910 —150 0.0960 —27.9 
4 17,920 4760 0.0946 450.3 

3330 —260 0.0924 —44.4 
5 21,250 4500 0.0902 405.9 


Next we calculate AC by 


Zr 1 
= > AF — — A(AZ 
AC Za Z, (AZa) 


For the time interval, 2 to 3 hr, 


Ne ( — ) 4370) — (14.7) _ 9376 ib 


7281 Ib 


0.0982 0.0982 
and C3 = C2 + ACz_3; = 4905 + 2376 


Results are given in the next table. 


I 


Time 
interval, AF Za C 

hr 
0-1 4930 | 0.0999 2,480 
1-2 4710 | 0.0994 4,905 
2-3 4370 | 0.0982 7,281 
3-4 3910 | 0.0960 9,607 

11,887 


4-5 3330 | 0.0924 





We may now calculate AE by 
AE = AF — AA — AC 
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Again, for the period 2 to 3 hr, 


AE = 4370 — (—70) — 2376 = 2064 Ib 
and E; = E. + AE2_3 = 4755 + 2064 = 6819 lb 


Results are given in the next table 


Time 
interval, 





We have been asked also for the average concentration of the con- 
centrate removed. We may express this mathematically by an equation 
exactly like the one used to find mean heat capacity: 


if Zc dC a: Zea dé 


The instantaneous value of Ze is equal to Za. 

To find Zc, we would have to use a numerical-integration method simi- 
lar to that used for finding C. In doing this, we should be engaging in a 
mathematical pastime while ignoring a much simpler and more direct 
approach. The value Zc is the average composition of the concentrate; 
thus it is the total salt in the concentrate divided by the total amount of 
concentrate. (This is exactly what the equation above says.) We have 
already determined the total amount of concentrate. We can find, by 
simple input and output‘calculations, the total salt in the concentrate, 
Thus, after 5 hr, 


C = 11,887 lb 
F = 21,250 lb 
FZr = (21,250)(0.05) = 1062.5 lb salt 
AZa = 405.9 lb salt 
At zero time, AZ4 = 500 lb salt. 
Then accumulation of salt during this time is 


A(AZ,4) = 405.9 — 500 = —94.1 Ib 
Input — accumulation = output of salt 
1062.5 — (—94.1) = 1156.6 lb 
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and 





This calculation may also be put in tabular form. In this case, we are 
interested in the average composition of the entire output. Thus, we 
always measure changes from the beginning of the test period and not for 
1-hr intervals. 





Time, A(AZa) = Zc = 
hr fi Az = (AZa)e Fas — Aza) 
1 4,930 —1.5 0.1000 
2 9,640 —7.0 0.0996 
3 14,010 —21.8 0.0993 
4 17 ,920 —49.7 0.0984 
5 21 , 250 —94.1 0.0973 





We are also asked for some approximate rates of evaporation and con- 
centrate removal. These are estimated by 


dE AE 

do ~=—A@ 
where dE/dé represents the rate at some time 6, and AE/A# is the average 
rate for some time interval Aé@. If @ is the mid-point of the interval, 
AE/A@ will represent this mid-point rate quite closely. (Again, more 
elegant mathematical approaches are possible and may be necessary in 
some cases.) From the table prepared during the calculations, AE and 
AC are available for 1-hr intervals. Thus, for the 2- to 3-hr period, 





AE = 2064 lb 
AC = 2376 lb 
We may then say, with reasonable accuracy, that, at 2.5 br, 
dE _ 2064 lb 
doe) hr 
d dC _ 2376 |b 
os do hr 


A problem such as this is of real importance to the engineer evaluating 
the performance of a unit. A study of rates vs. time, plus a knowledge of 
the length of time necessary to clean the evaporator and of the tolerances 
allowed in composition, would help him to decide how often the unit 
should be cleaned, the type of operating records that should be kept, and 
the type and location of automatic control instruments. 
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With a small amount of additional information, we could determine 
the efficiency with which heat from the steam is being used or the mini- 
mum steam input required. 

Example 5-6. In addition to the data and results of Example 5-5, 
information on total steam input is known. The feed has a heat capacity 
of 0.98 Btu/(lb)(F°). The feed enters at 67°F. The average boiling 
point in the evaporator is 215°F. The heat of vaporization is the same 
as that of pure water. The steam condenses at 242°F. Only the heat of 
vaporization of the steam is obtained; i.e., the condensed steam does not 
cool to give off further heat. Calculate the percentage of the heat, given 
off by the steam, that is used to heat the feed and vaporize water. (The 
rest is presumed lost through the insulation on the evaporator.) 


Lime s-biy ey. eee ee 1 2 3 4 5 


























Total steam used, lb...... 0 3610 7100 10,320 13,170 15,510 


Solution. We shall tabulate the answers on an hourly basis. During 
any one hour, the feed is AF lb, the evaporate is AE lb, and the steam used 
is AS lb. Using as an example the period from 2 to 3 hr, 


AF = 4370 lb and AE = 2064 lb (from Example 5-5) 
AS = 10,320 — 7100 = 3220 lb 


The heat used to heat the feed is 
AF ¢,,(tr — t) = (4370) (0.98)(215 — 67) = 634,000 Btu 
The heat used to vaporize the evaporate is 
AE AH, = (2064) (968.3) = 2,000,000 Btu 


where AH, = 968.3 Btu/lb, found from the table of properties of steam. 
Thus the total heat actually used is 2,634,000 Btu. 
The heat which is given up by the steam is 


AS AH gs = (3220)(950) = 3,060,000 


where AHs = 950 Btu/lb is also found in the steam table. 
The percentage of the heat used to heat and concentrate the solution is 
then 


2,634,000 . 
(26ee) sts Aestias 


Therefore 14% of the heat given up by the steam is lost. We may 
make the entire calculation in tabular form. 
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145 AF + 968.3 AH 





(948) (0.98) AF 145 AF + 950 AS 
968.34E | oogzan | 95048 x 100 = % of 
heat used 
715,000 3,085,000 | 3,430,000 90 
684 , 000 2,919,000 | 3,315,000 88 
634 , 000 2,634,000 | 3,060,000 86 
566 ,000 2,246,000 | 2,705,000 83 
483 ,000 1,752,000 | 2,220,000 79 


Condensable-vapor Operations. Frequently in chemical processing 
it becomes necessary to handle mixtures of a condensable vapor and a 
noncondensable gas. The most common mixture is air and water vapor, 
which must be handled in air conditioning, drying of wet solids, and water 
cooling. For this reason the operations of humidification and dehumidi- 
fication are commonly studied in chemical engineering. However, the 
subject is much broader in scope. It is very common to have to dry a 
solid which contains a liquid other than water or to remove vapors from 
streams consisting of these vapors in noncondensable gases. Often the 
gases are inert, such as nitrogen or carbon dioxide, because of the explosive 
dangers when the vapors (usually organic) are mixed with air. 

Most problems in this field are solved rather easily by the use of the 
numerous “humidity” charts which are available. It is our purpose here 
to explore the background of these charts, which are based on material 
and energy balances, to learn the definitions commonly used, and finally 
to solve some problems using the charts. Again we must emphasize 
that the equations to be derived and the charts made from them are based 
on material and energy balances only; thus we are in no position to discuss 
the actual rates at which processes occur, and therefore we can make no 
calculations regarding the size of equipment. Numerous assumptions 
will be necessary as we progress in this discussion. At the start we men- 
tion two assumptions which will be applied to all cases: 

1. The perfect-gas laws apply to the gaseous mixture. 

2. The gaseous mixture may consist of any number of chemical com- 
pounds; only one of these is condensable. (Actually all gases can be 
condensed under proper conditions. The term “‘condensable”’ then refers 
to the component which can condense under the normally encountered 
conditions to which the mixture may be subjected.) 

Let us consider first a general steady-state situation. We will let A 
refer to the pounds of a noncondensable gas (or mixture of noncondensable 
gases) and W refer to the condensable vapor. Let subscript 1 refer to 
inlet conditions and 2 to outlet conditions. Some noncondensable gas 
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containing some condensable vapor enters a piece of equipment. At 
the same time some liquid enters. Liquid and vapor-gas mixture also 
leave. Let ¢ refer to temperature. The situation is shown in Fig. 5-2. 


Liquid in Wily, 







Arty A2ta, He 


Gas and vapor in Gas and vapor out 


Liquid out W,tw, 
Fia. 5-2 


Note on the diagram that the letter H has been used. This stands for 
“humidity,” or “absolute humidity,” and is defined as pounds of con- 
densable vapor per pound of dry noncondensable gas. This definition is 
the most convenient for mixtures of this type. Note that this is not a 
weight fraction but a weight ratio. Note also that the definition is in 
terms of weights rather than the more fundamental moles. (We have 
previously used H to represent enthalpy. Unfortunately, H is used in 
both ways; consequently, in this section, we shall use h for enthalpy and 
H for humidity.) 

We may immediately write the material-balance expressions for this 
system. Since we have defined it as steady-state, we may take any 
convenient time basis. Then let A refer to pounds of dry noncondensa- 


ble gas per unit time and W to pounds of liquid during the same time 
interval. 


Noncondensable gas: Ai = Ae 
Condensable vapor in 


lb vapor 
(Ay lb dry gas) (m, eee.) 


Condensable vapor out = A2:H2 = AiH, 
Balance on condensable material: 
AiHi + Wi = Ai, + W, 
We - Wi Ai(H; — H:2) 
This equation is perfectly general for the steady-state case. It applies 
to co-, counter-, and cross-current contact. It is valid for both humidifica- 


tion and dehumidification. Thus, if the gas is being dehumidified, H, is 
greater than H2, and some of the condensable material is condensed. This 
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must show up as an increase in amount of liquid, that is, We is greater 
than W;. Conversely, in humidification, Hz exceeds H, and thus W, 
must be greater than W2. 

Note the advantage of using weight ratios. Since the noncondensable 
gas passes through the process unchanged, it acts as a key component in 
the calculations. The simple product of A and H gives immediately the 
amount of condensable vapor carried along with the gas. 

From our previous study of the properties of vapor-gas mixtures we 
know that there is a limit to the amount of vapor which can be contained 
in a given amount of gas. This limit is determined by the vapor pressure 
of the condensable material, which is a function of the temperature, and 
by the total pressure. Thus, while our equation 


W. = Wi = Ai(A, — H) 


is mathematically correct under any assumed situation, it has physical 
meaning for only limited regions. We can represent this graphically 
very easily. 

For purposes of establishing this relationship, assume the following: 


P = total pressure 

po = vapor pressure of condensable material 
M, = molecular weight of gas 
Mw = molecular weight of condensable material 


Since the perfect-gas law applies, 


where n = moles and p = partial pressure. 
If m = weight of substance, 


m 
eas) 
Also pa = P — pw 
mw/Mw _ pw 
and ma/Ma. a Pisa = pw 


mw _ es (¥) 
“i Mma P— Pw Ma 


On a basis of m4 = 1, the ratio mw/ma has the units lb vapor/lb dry gas 
and is equal to the humidity H. 


i Spr ah Mw 
Thus, eis (5 = ==) a) 
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If the gas is saturated, then pw = po, and 


oo (5 es < & 


where Hg = saturation humidity. 

We see that the humidity and the saturation humidity are functions of 
the materials, the temperature, and the total pressure. All must be 
specified before the humidity can be determined. 

Example 5-7. Compare the saturation-humidity values for the fol- 


lowing cases. 








Total pressure, atm| Temp, °F | Gas | Vapor 





a 1 70 Air | CCl, 
b 1 100 Air | CCl, 
c 1 70 CO, | CCl, 
d 7) 70 Air | CCl, 
e 1 70 Air Water 
fi 1 170.1 Air | CCl, 


The following vapor pressures for CCl, are known. 


tho See yuen dak Ome LOO misty Oct 








92 197 760 











jippadibael Vallee nee 


The vapor pressure of water at 70°F is 18.78 mm Hg. 
Solution. In all cases the solution is a direct substitution in the 























formula 
M 
no (v5) (Ht) 
: (5 — po} \Ma 
. a (ee ) 153.84\ _ 0.732 lb CC 
760 — Ps 28.9 / Ib air 
4 Ha= (ae 153.84\ _ 1.86 lb CCl 
; oe — a 28.97 $5 lb air 
: 4 Ha = (san ) 153.84) _ 0.481 lb CCl, 
: 760 — 92/ \ 44.01 ~ Ib COn | 
tere a= (aa ) 153.84) _ 1.70 lb CCl, 
380 — 92 28. albcnirer 5 
He = Hs = ( 18.78 _ 0.01575 lb H.O 
ir ~ ns 78 ms 9 Ib air 
iH = (ee 153.84\ _ 
760 — ai Ty Pains 
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The answers in the example illustrate that the saturation humidity 
depends on the substances, the total pressure, and the temperature. 
The answer to part f indicates also that there is no upper numerical limit 
to humidity. If a mixture of air and CCl, were saturated at a total 
pressure of 760 mm Hg and 170.1°F, the partial pressure of the CCl, 
would have to be equal to the total pressure. Thus, no air could be 
present. This accounts for the infinite value of the humidity. 

We are now in a position to establish a curve representing saturation 
humidity as a function of temperature. 

Example 5-8. Plot saturation humidity vs. temperature for the system 
CCl,-air at a total pressure of 1 atm. 

Solution. We need only to solve the equation 


H -( Do ) CR) 
*~ \760 = po) \ 28.9 


for enough points to establish a curve. Values of po as a function of 
temperature are given in Appendix D. From a smooth curve of pp vs. t, 
the following points in the curve were established: 


t, °F |po,mmHg| Hs 














40 42 0.311 
80 123 1.026 
120 295 3.375 
140 430 6.93 
160 635 27.0 
170 760 co 
50 
40 
Hs 30 
Ib CCl, 
Ibair 20 
10 
0 
0 50 100 150 200 


1,.°F 
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The results of the cal ulations are shown in the plot of humidity vs. 
temperature. Any point on the curve represents saturation conditions. 
It is impossible for a mixture to exist in the region above the curve. Such 
a mixture would be supersaturated with vapor, and some of the vapor 
would condense out. It is possible to have any condition falling to the 
right of the curve or below the curve. Any condition in this region is 
referred to as “unsaturated.” 

If we divide the equation for absolute humidity H by the equation for 
saturation humidity Hs, we obtain 


Does) 
Hs Po P — pw 
Multiplying the value of H/Hs by 100 we have the expression for the 
per cent absolute humidity. 
It is possible to place lines of constant per cent absolute humidity on 
the diagram also. The method of calculation is shown in Example 5-9. 
Example 5-9. Plot lines of 25 and 50% absolute humidity on a dia- 
gram of H vs. t for CCl.-air mixtures for a total pressure of latm. Deter- 
mine also the partial pressures of CCl, in the mixture. 
Solution. Values of H/Hs are easily obtained from known Hs values. 
Thus, for 50% humidity, 


H = 0.5Hs 


To find pw, we must solve for pw in the equation 


ae (=) & _ Pe 

Hs \po/\P — pw 

Cae Se cn FY ee 
Pw ~ (Hs/HE\P — po)/pol + 1 


The solution is best done in tabular form. 


Thus, 
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eee 
40 60 86 100 120 140 160 180 200 
eG 


The results of the calculations of Example 5-9 are shown in the figure. 
Since the term P — pw appears in the denominator of the expression for 
per cent absolute humidity, all the curves of per cent absolute humidity 
vs. temperature approach infinity at the temperature at which the vapor 
pressure of the condensable gas is equal to the total pressure of the mix- 
ture (170.1°F in the example). 

Another common term used in humidification work is relative humidity. 
This is defined by the equation 


RH == 
Po 


which states that the relative humidity is the ratio of the partial pressure 
of the condensable gas to the vapor pressure of the gas at the temperature 
of the mixture. Note also in comparing the equation for the per cent 
absolute humidity and the relative humidity that these differ by the ratio 
(P — po)/(P — pw), that is 
o% Aba. humidity = (% rel. humidity) (G=*) 
= Dy 

Most humidity diagrams contain lines of constant relative humidity 
rather than lines of constant absolute humidity. The method of estab- 
lishing these lines is shown in Example 5-10. 

Example 5-10. Draw lines of constant 25, 50, and 100% relative 
humidity on a humidity diagram for the CCl.-air system for a total pres- 
sure cf 1 atm. For comparison, calculate also the per cent absolute 
humidity. 
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Solution. In order to place lines on the diagram, values of H and t 
must be known. We again use the equation 


i @)G=2) 
Hs po/ \P — pw 


(100)(2*) = 25 (100)(2*)) = 50 





t Hs Sl tide 2. de 
Po pw | (100)(H/Hs)| H pw | (100)(H/Hs)| H 

40 0.311 | 42] 10.5 24 0.076 | 21 48.6 0.151 
80 1.026 | 123 | 30.8 21.9 0.227] 61.5 45.6 0.468 
120 3.375 | 295 | 73.8 17.0 0.571 | 147.5 38.0 1.281 
140 6.93 | 430 | 107.5 12.6 0.877 | 215 30.3 2.10 
160 | 27.0 635 | 158.8 5.2 1.455 | 317.5 14.1 3.81 
170.1 20 760 | 190 Oy ae) ier 380 0 


By this calculation all values of H for t less than 170.1°F can be calcu- 
lated. At this point, however, H is indeterminate, and other equations 
must be used. 


79 2 em ae 
Po 
d H= per _) (¥r) 
tes (5 Be _\ (Ms 
=! po( RHA) ) (a) 
ae a (5 — po(RE)) \My 


For example, for 140°F, RH = 0.25, 


a (430) (0.25) 153.84\ 
Bh (a Bs ros) ( 28.9 ) aif B28 


which checks the previous value. 

Using this equation, we continue the calculation. For RH = 1.00, H 
becomes infinite at 170.1. This is to be expected since the 100% RH and 
100% H lines must be the same. Results of calculations for RH = 0.25 
and 0.50 are shown in the table. 

ae nach > ee. SE ee 





t, °F Po H(RH = 0.25) | H(RH = 0.50) 
170.1 760 1 Lari? ( 5.32 
200 1240 3.67 23.6 
214.5 1520 5.32 ) 

240 2016 10.5 

255 2620 33 

267 3040 oo 
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0 80 120 160 200 240 280 
1, °F 


The results of the calculations in Example 5-10 are shown in the figure. 
You will note that, in this case, the per-cent-relative-humidity lines do 
not all approach the same asymptote as do the lines for per cent absolute 
humidity. Instead, each line approaches infinity at a point where the 
term P — po(RH) becomes zero, or where po = P/RH. 

A very important definition used in humidification work is the dew 
point. This point represents the temperature at which a given mixture 
of a condensable vapor and noncondensable gas would become saturated 
if this mixture were cooled at constant pressure and humidity. The path 
of such a process would represent a horizontal line going from the unsatu- 
rated region to the saturation curve. 

Example 5-11. A mixture of CCl, and air at 180°F and a total pres- 
sure of 1 atm has a relative humidity of 25%. What are its humidity 
and dew point? 

Solution. From the diagram of the previous example, the humidity is 
2.5 lb CCl,/Ib dry air. If we follow a horizontal line to the saturation 
curve, the dew point is 110°F. 

We may check the dew-point calculation as follows: 


H= ( pw ) (ee) 
760 — pw 28.9 
and H = Hs, p = po on the saturation curve. 

At 110°F, po = 242mm Hg. Then Hs = 2.49, which checks the value 
2.50 read from the plot. 

There are very important heat effects associated with condensable- 
vapor mixtures, and certain fundamental definitions arise from these heat 
effects. Let us consider the case where a gas (which may have some con- 
densable vapor in it) is passed through a piece of equipment at a steady 
rate. In this equipment it is contacted with the liquid form of the con- 
densable component, and some of the liquid evaporates. We will assume 
that the piece of equipment is of sufficient size that the gas-vapor mixture 
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leaving it is saturated with the condensable component. We will assume 
also that the liquid which is not evaporated is recirculated and that 
enough liquid is added to the recycle line to make up for that which is 
evaporated. Such a situation is shown in Fig. 5-3. We will assume also 


Inlet liquid 






Inlet gas Outlet gas 


Outlet 
tare Make-up 
Haus liquid 


Fia, 5-3. Adiabatic saturation process. 


that the piece of equipment in which the contact takes place contains no 
source of heat input and that there are no heat losses from the equipment. 

Since this is a steady-state flow process with no accumulation or deple- 
tion of either material or energy within the equipment, we may make an 
enthalpy balance, based on A lb of noncondensable gas. 


A[(1)@p,(t1 — &) + HiCpy(ti — )] + WiC py,(tw, — be) 
= A(H2 — H1)Ahve.w + A[Cp,(t2 — &) + H2C py (te — &)] 


Suppose now that the outlet temperature of the gas fz is the same as the 
temperature of the liquid being passed through the apparatus. Suppose 
also that the temperature of the make-up liquid, tw,, is the same as the 
outlet temperature of the gas. Then choose t, = tz. We then see that 
all the heat necessary to vaporize the liquid comes from cooling the inlet 
gas-vapor mixture, 1.e., 


(Cp, + HiCyy) (ti — t2) = (H2 — Hs) Ahyy.w 


Under these circumstances the outlet temperature of this unit (equal to 
the temperature of the liquid being recycled) is defined as the adiabatic 
saturation temperature. This temperature is a unique property of the 
gas and liquid being used, of the total pressure, and of the inlet tempera- 
ture and humidity of the vapor-gas mixture. Since it is an entirely 
defined quantity, it should be possible to place lines of constant adiabatic 
saturation temperature on a humidity diagram. The calculation of these 
lines is shown in the following examples. 
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Example 5-12. The following data for CCl, are known: 





1 °F C, of liquid, | Ah of vaporization, 
: Btu/(lb)(F°) Btu/lb 





Vapor pressures are given in Examples 5-8 and 5-10. 

The specific heat of air may be assumed constant at 0.24. 

a. Calculate the adiabatic saturation temperature for dry air at 200°F. 

b. Calculate the adiabatic saturation temperature for air with 1.5 lb 
CCl4/lb dry air at 200°F. 

c. What must be the humidity of air at 100°F if it has the same 
adiabatic saturation temperature as dry air at 200°F? 

Solution 

a. The formula 


(Cp, + HiCy,y) (ti — te) = (He — Hi) Ahvay.w 
is simplified in this case, since H; is zero. Inserting known values, 
(0.24) (200 —= te) — H, Ahvap.W 


The solution now becomes trial and error. t: and H» must be consis- 
tent values from the saturation curve. Ah,,,,w is the heat of vaporization 
at to. 





Assumed ?¢2 | 0.24(200 — ts) Hz Ahvap.w | H2 Ahvap.w 


40 38.4 0.31 93 28.8 
60 33.6 0.58 90.9 52.7 
50 36.0 0.42 91.9 38.6 
48 36.5 0.40 92.0 36.8 


The last two values, 36.5 and 36.8, are in close agreement, indicating that 
the adiabatic saturation temperature is about 48°F, and the saturation 
humidity is 0.40. 

b. In this case, the general formula cannot be simplified, since H, is not 
zero. ‘Thus, 


(0.24 + 1.5C,,)(200 — te) = (He — 1.5) Ahyapw 


The same relationships between tz, H2, and Ah apply asin part a. How- 
ever, we also have the problem of establishing the correct value of Cp, for 
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the CCl, vapor. This is the mean value between 200°F and the adiabatic 
saturation temperature. This is done by applying the principles of the 
thermodynamic path. Thus, to heat 1 lb of vapor from f; to fs, 


Q = Ah = C,,(te — t) 


But, since Q = Ah, any other path would be satisfactory. Assume that 
we condense | lb at #1. 


Q1 = —Alvep at ty 
Then we heat this pound of liquid from f; to 2. 
Qe = Cp, (te — th) 
Finally we vaporize this pound at é2. 


Qs = Alves at te 


Therefore, Coy > #28, a Aha = ot 


Also, in this case, Cp, is linear with temperature. Thus, 





With this information we may proceed with the problem. Again we 
assume f and solve until the left and right sides of the equation give the 
same numerical value. 









ASSUMEC ie eater tte cero ate ie uss 110 102 

ti + te 

oo ae Di Ain toe ee es Sele 155 

Gop kewl ee De ata al ae 0.221 0:22 

Aho = Ahvap.w 85.8 86.7 

Ahi See Eo ee ee 78.1 

Cg Coy viiern sip bee Gaal an im 0.135 0.133 

(0.24 + 1.5C,,)(200 — t2)...... 9.8 43.1 
Ree AS teiniysten eg al tes te anaes 4 1.9 

3x Np MRL ae aloe 9 9.0 


Without further calculation, the adiabatic saturation temperature may 
be estimated as 102.5°F. Further refinements are not justified, since H» 
was read from a plot in a steeply rising portion of the curve. 

c. In this case the unknown quantity is Hi. Since ¢; and ¢, are known, 
all other quantities may be specified. 
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Or = Oe Cea gop oe 
te — th 

= 100°F Ah, = OS Btu 

h=48F ah, = SS 

ty = 1484 = 74°F Cy, = 0.20 

“pike 92.0 — 86.8 _ 
Cyy = 0.20 + Sate 00 ba 0.10 


Thus the formula becomes 
(0.24 + 0.10H,)(100 — 48) = (0.40 — H)(92.0) 


Solving, H; = 0.25 lb CCl4/Ib dry air. 

Example 5-13. Plot lines of constant adiabatic saturation temperature 
on a humidity diagram for CCl.-air at 1 atm total pressure. Show the 
calculations for 50, 75, and 100°F. 

Solution. In all cases we are working from the formula 


(Gs, “i H,Cpy) (ty -_ to) — (H2 a H;) Ahyap.W 


For a given adiabatic saturation temperature the terms fz, H2, and Ah,,,.w 


are known. Cy, is assumed constant. Unknown terms are ti, H:, and 


Cow. If we choose t;, C,, may be determined, and the equation solved 
explicitly for H; by rearranging it to the form 


~ H Ah,.y.w — Cy, (tr — te) 
Ahvap.w + ililed ( ~, te) 


For 50°F, po = 54 mm Hg. 


. l 
Hs = Ha =( 54 ). 253%) _ 0.409 Ib CCla 


Ay 





760 — 54 28.9 lb dry air 
91.9 Btu 
Ah» = Th OC 
37.7 Btu 
Hs Almow — th dey air 
37.7 — 0.24(t; — 50) 
Hi 


~~ 91.9 + C,.(t — 50) 
From Example 5-12, 


Ah2 — Ahi 
te — ti 


91.9 — Ahi 
50 — ti 


Cow = Cp, at tay + Co, at tay + 
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Similarly, we may calculate curves for 75 and 100°F. The results are 
tabulated below: 


Adiabatic saturation temperature, °F....... 75 100 

No; MMs g eee een eases een ot eos eyes 107 197 

Hg = H;;th CCl /Ib dry air... 4.0... .<. a- 0.872 1.86 
Mise ere ee ee ence 89.3 86.8 
Oy to, 100 °F nah raced oe eee ee 0.108 

Ag ati 1008 lea ata ee 0.780 

OF ter 150 RE ea eee 4 a ee 0.120 0.125 
FS DAS TBO" Boel oe Bec soln oh ee es 0.609 1.61 
ais | i pie Meee! Sg RR NYS 0.128 0.133 
FF Bb ee he tas oe 0.455 1.37 





The results of the calculation are shown in the diagram. If a piece of 
equipment is operating in the manner described above, it is possible, by 
use of the adiabatic-saturation-temperature lines, to plot the condition of 
the gas mixture at any point in the apparatus. This is true whether the 
gas leaves in a saturated condition or not. 

You will note in the example that it is necessary to use the heat capacity 
of the gas-vapor mixture in order to solve the problem. If we group the 
heat capacities in the following manner 


S = Cs + 30s: 


we find that we have an equation which represents the heat capacity of 
1 lb of dry gas plus whatever vapor it may contain. This grouping is 
commonly referred to as the humid heat of the mixture. 

Example 5-14. From data in previous problems, calculate and plot S, 
humid heat, vs. humidity for the CCl.-air system at 1 atm total pressure. 
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Solution. The following data and results are obtained: 





Example ty HH, cs te S 
12a 200 Oe en || ke 48 0.240 
12b 200 1.5 0.133 102 0.440 
12c 100 0.25 0.100 48 0.265 
13 100 0.265 0.103 50 0.267 
13 150 0.133 0.114 50 0.255 
13 200 0.015 0.123 50 0.242 
13 100 0.780 0.108 75 0.324 
13 150 0.609 0.120 75 0.313 
13 200 0.455 0.128 75 0.298 
13 150 1.61 0.125 100 0.441 
13 200 1.37 0.133 100 0.422 





(@) 
0.20 0.25 0.30 0.35 0.40 0.45 
S, Btu /(Ib air) (F°) 


The diagram shows the points, plotted as H vs. S. Note that the line is 
curved and that the points do not all fall on the curve. This is because of 
the fact that the heat capacity of CCl, is relatively sensitive to tempera- 
ture, and, in the examples, various base temperatures, corresponding to 
adiabatic-saturation values, were chosen. Actually, most humidification 
diagrams show only a single line of H vs. S, when the C;’s are assumed 
independent of temperature in the limited temperature range considered. 
As long as H, is low, the error introduced is small. Also, the curve of 
H vs. S is straight under these conditions. 

It is frequently necessary in making calculations on equipment for 
humidification or dehumidification to calculate volumes of material in 
and out of the unit. This, of course, is necessary to establish the proper 
size of the equipment. It is very easy to calculate the volume of a vapor- 
gas mixture because we are using the perfect-gas laws. When the gas 
laws are used, it is possible to plot a line for completely dry gas and a line 
for completely saturated gas. It is also possible to plot lines for various 
percentage humidities if these are desired. Such calculations are shown 
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in the following example. The volume of one pound of dry gas plus its 
accompanying vapor is referred to as the humid volume of the gas. 
Example 5-15. Plot humid volume vs. temperature for (a) dry air, 
(b) saturated air, (c) air with 50% absolute humidity, and (d) air with 
50% relative humidity for the CCl,-air system at 1 atm total pressure. 
Solution 
a. For completely dry air, we rearrange the gas-law equation 


v= 359 \ (t + 460) ft? 
~ (28.9 492 / lb 
This is a linear equation, therefore we need to establish only two points 
and to connect them with a straight line: 





t = 40°F V = 12.62 
t = 200°F V = 16.66 


b. For all conditions where CCl, is present, the total moles in the mix- 
ture, per pound of dry air, are 


1 H 


N = 989 + 153.84 


The humid volume is 


4 3 
V = (12.42 + 2.334H) (a) (aera) 


Parts a (with H = 0), b, c, and d can all be solved by this equation. 


Values are shown in the table. Humidities were previously obtained in 
Examples 5-8, 5-9, and 5-10 


Temperature, °F 





* Values become infinite at 170.1°F. 
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80 Satd 


V 60 50% abs H 
ft? 
Ib dry air 40 


20 50% rel H 





40 80 120 160 200 
pele 

The drawing shows the general nature of the curves. Note that the 
lines for saturated air and air with 50% absolute humidity approach 
infinity at the same asymptote, 170.1°F. The line for 50% relative 
humidity would approach infinity at an asymptote of 214.5°F. 

Most humidity diagrams show lines for dry air and saturated air. 
Note that lines for a given percentage absolute humidity may be obtained 
by a weighted average of these lines. For example, at 50% absolute 
humidity and 160°F, 

_ 15.65 + 95.05 


y 2 


= 55.35 
This is not true for per cent relative-humidity values. 

Note that all the quantities which we have defined so far, where 
they have a weight basis, have been based upon the use of 1 lb of dry 
material plus whatever additional material in the form of vapor may 
accompany this dry material. It is the easiest basis to use in problems of 
this type, since the noncondensable gas always passes through the process 
unchanged and may therefore be used very easily as a tie substance in 
calculations. 

Another property of importance in humidification work is the wet-bulb 
temperature. To gain a physical picture, consider the following situa- 
tion: A thermometer is fitted with a wick which is wet with the liquid 
form of the condensable component in the gas-vapor mixture. This 
so-called wet-bulb thermometer is placed in a stream of the mixture. It 
is assumed that the stream is large enough in quantity that its change in 
humidity and temperature is negligible. Because the stream is unsatu- 
rated, some of the liquid from the wick evaporates, thus cooling the 
thermometer. As soon as the thermometer starts to cool below the tem- 
perature of the gas-vapor mixture, heat is transferred from the mixture 
to the bulb. Eventually a steady-state situation is achieved where the 
rate of heat transfer to the thermometer is exactly counterbalanced by 
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the rate at which heat is used up to evaporate liquid from the wick. 
When this steady state is reached, the thermometer is at the wet-bulb 
temperature. (To avoid confusion, the actual gas-vapor-mixture tem- 
perature, which could be measured with a thermometer which is not fitted 
with a wick, is often called the dry-bulb temperature.) 

Unfortunately it is not possible to present more theories of this sub- 
ject here, because this phenomenon is dependent upon rate-of-heat and 
mass transfer. As such, it falls outside the scope of stoichiometry. 
However, it is essential that we point out that the wet-bulb temperature 
is also a unique property of the gas, the vapor, the total pressure, and the 
humidity of the mixture. Thus wet-bulb-temperature lines may be 
plotted on a humidification diagram. The usefulness of these lines is 
illustrated in later examples. 

The discussion thus far has dealt with various aspects of condensable 
vapor-gas mixtures. Numerous terms have been defined and relation- 
ships established. Graphical representations of the terms have been 
shown. These may all be placed on one diagram, as shown in Fig. 5-4. 
By use of this diagram much time is saved in problem solution. 






Humid hear, 
Btu/(Ib dry air) (°F) Per cent relative humidity 
990203 04 05 9070 5040 30 20 10 
& 22 
2 is6.> 1.8 
26 92 5 205 Ha 
25 88 ~ 2 1.6 Stitt +f 
=e 04% 18 5 es 
28a 8 314 Fed beac 
276" 2716"5 
S 
rep van 
g "8 yolset fans 
Go 2° Ee ayaa 
eo Tey, 
2 ote AB's 
ema ies mi 
Gel BE Pele 
tos ail SS 
a i, ‘ > 
02 | KZ “ie 
maz c= 
“=: ~ 
20 40 60 80 100 120 140 160 180 200 220 240 


Dry—bulb temperature, °F 


Fic. 5-4. Humidity chart for air-CCl, vapor mixtures. [From J. H. Perry (ed.) 
“Chemical Engineers’ Handbook,” 3d ed., p. 813, McGraw-Hill Book Company, Inc., 
New York, 1950. Reproduced with permission of the publisher.| Note: Latent heat 
of vaporization is plotted vs. temperature; humid heat is plotted vs. absolute humidity, 
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Example 5-16. A mixture of CCl, and air at 1 atm and 110°F has a 
humidity of 0.3 Ib CCl4/lb dry air. What items of information can be 
found on the humidity diagram? 

The wet-bulb temperature is 60°F. A thermometer with a wick wet by 
CCl, and exposed to a moving stream of gas vapor under the above 
conditions would read 60°F. This value is obtained on the diagram by 
following a wet-bulb line to the saturation curve and reading the dry-bulb 
temperature corresponding to saturation. 

The adiabatic saturation temperature is 54°F, and the adiabatic satu- 
ration humidity is 0.49 lb CCl,/Ib dry air. If the original mixture were 
blown through a chamber fed with liquid CCl, at 54°F and if it reached 
saturation, its outlet ¢ and H would be 54 and 0.49, respectively. This is 
found on the diagram by following an adiabatic-humidification curve up 
to the saturation curve and reading the H, ¢ coordinates of this point. 
If, in a piece of equipment, the air did not have time to become saturated, 
then the outlet condition would be a point on the adiabatic-humidification 
curve. H = 0.44, t = 70°F is such a point. 

The dew point is 38°F. This is the point at which CCl, would begin to 
condense out if the original mixture were cooled at constant humidity and 
total pressure. This is obtained by reading the ¢ coordinate for a satura- 
tion humidity of 0.3. 

The relative humidity is about 18%. Thus the partial pressure of CCl4 
in the mixture is 18% of the vapor pressure at 110°F. This value is 
estimated by interpolating between the lines of constant per cent 
relative humidity. 

The humid heat is about 0.29 Btu/(lb dry air)(F°). This is the heat 
necessary to raise the temperature of 1 lb of air plus 0.3 lb of CCl, 1 F”. 
It is obtained by reading upward from the intersection of the line for 
H = 0.3 and the “humid heat vs. absolute humidity” line. 

The latent heat of vaporization of CCl, at 110°F is 88 Btu/Ib. The 
latent heat at the adiabatic saturation temperature is about 93 Btu/lb. 
These values are obtained by reading upward from the temperature of 
interest to the “latent heat of vaporization vs. temperature” line, then 
to the left. 

The per cent absolute humidity cannot be determined from the dia- 
gram, since the line for saturation humidity runs off the chart before the 
temperature 110°F is reached. Since we cannot find this value, we can- 
not interpolate between the lines for specific volume of dry air and satu- 
rated volume to find the humid volume. These values would have to be 
calculated, knowing the vapor pressure at this temperature and using 
equations previously derived. 

Appendix T is a humidity diagram for the system water vapor-air 
at a total pressure of 1 atm. Note that this looks much the same as the 
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diagram for CCl,-air with one important exception. It has been found 
experimentally that the adiabatic saturation temperature and the wet- 
bulb temperature for this system’ are essentially the same. Thus one 
set of lines suffices for both. This is not a general rule. In the general 
case the adiabatic saturation temperature and the wet-bulb temperature 
are two entirely different things, both fundamentally and numerically. 

Distillation. The final unit operation to be considered as a ‘‘case 
history” in this chapter is distillation. This is a process whereby mix- 
tures of liquids are subjected to repeated partial vaporizations and con- 
densations in order to separate them into more or less pure components. 
Practically every chemical plant will require some distillations in its 
processes; in the case of petroleum refining there is more distillation than 
any other operation. 

In order for distillation to be useful, it is necessary for the liquid and 
vapor in equilibrium to have different compositions. If this is not the 
case, then some other process must be used. 

A typical distillation column is shown in the Fig. 5-5. 


Top vapor 
V4, Yy 






Condenser 
eo 
OQ 


Distillate 
£,% 2,%p 








Feed 
Fi zp 









Column 


Reboiler vapor 
K,, Ns 






Still pot 
(Reboiler) 






Bottoms 








Bottom liquid 
Li,% 





Os 
Fia. 5-5. Schematic diagram of distillation column. 


The diagram shows feed F going into the column at some intermediate 
point. The top vapor is condensed, and the liquid stream of condensate 
is divided into the product, or distillate, D and reflux L. The bottom 
liquid is partially vaporized and is split into reboiler vapor V, and 
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bottoms W. (The W is used because, in early work in the fermentation 
industries, the bottom product was “ waste.’’) 
The following nomenclature will be used: 


F, D, W, L, and V = feed, distillate, bottoms, liquid, and vapor, 
respectively, lbmole/hr 
x = mole fraction of liquid, subscript indicating 
stream 
y = mole fraction of vapor, subscript indicating 
stream 
zr = mole fraction of feed 


Note that it is customary in distillation to work with moles and mole 
fractions, whereas in evaporation we used weight fractions and in humidi- 
fication we used weight ratios. Experience has shown that one method of 
handling concentrations may be quite well suited to one operation, while 
other methods are better for other operations. 

In much distillation work binary mixtures (mixtures of two com- 
ponents) are handled. In such cases y (or x or 2) is used for the more 
volatile component, and the mole fraction of the other is obtained by 
difference. In cases of multicomponent mixtures it is necessary to label 
each mole fraction carefully. In a ternary mixture, for example, we 
might call the most volatile component A, the next material B, and the 
least volatile one C. The distillate composition would then be expressed 
in terms of two mole fractions, say xp, and xp,, and then xp, would be 
obtained by difference. 

The use of material and heat balances in the case of distillation is no 
different in principle from the use of these balances in any other opera- 
tion. Actual calculation details may differ; again this is a matter of 
expediency and is in no way based on different principles. Restricting 
our discussion for the moment to binary mixtures, we may write these 
balances: 


Total material: F=D+W 
More-volatile component: 

Fzr = Dzrp + Wrw 
Less-volatile component: 


F(1 — zr) = DO — zp) + Wl — tw) 
Enthalpy: FHy + Q, = DHyp + WHw + Q. 
Note that these equations are written for steady-state operation. Thus 


it is permissible to use an enthalpy balance for the heat balance. Note 
also that the total material and the two component balances are not 
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independent. Only two of the three equations are independent; the 
third may occasionally be used for checking arithmetic work. 
In these equations the following new symbols have been used: 


H = enthalpy, Btu/Ibmole, with subscript indicating stream 
Q, = heat into still pot, Btu/hr 
Q. = heat removed from condenser, Btu/hr 


Actually, Q. should be indicated as going toward the system, in keeping 
with previous thermodynamic definitions, in which case it would always 
be negative. The usual practice is to make it positive, so that it indicates 
heat removed. 

If the heat into the still pot is furnished by condensing steam, as is 


usually the case, then 
Q, = S AH Ss 


exactly as in evaporation. If the heat is removed in the condenser by 
cooling water, flowing at the rate of w lb/hr, then 


Q. = (w)(1)(t2 — ti) 


When we consider the condenser and reboiler, we find that we may 
write similar material and heat balances. Thus, around the condenser 


V:=L+D_ _ (tindicates “top’’) 
Vi: = Lz, + Dzp 
and V.H, = LH, + DHyn + Q, 


(Actually, it is customary to use H for vapor enthalpies and h for liquid 
enthalpies. In a chapter where other unit operations using these symbols 
for different things have been discussed, it is difficult to avoid double use 
of symbols.) 

Around the reboiler 


Ty = Ve aa Ww 
Ty = ViYe + Wry 
and Q. + LA, = Vane ++ WHwy 


In the case of the condenser, it is customary to use a total condenser. 
Thus, zp = y, = zr. In the reboiler, however, the vapor returned to 
the column is definitely of a different composition from the liquid bot- 
toms. In such a case it is necessary to have equilibrium data to make 
calculations. 

If feed and outlet compositions in distillation columns are known, 
material balances are quite simple. Heat balances are a bit more diffi- 
cult, if all the possible complications are to be considered. It is not our 
purpose here to delve into these complications, since they require exten- 
sive study of thermodynamics. We can explore some simpler cases, 
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however, which are representative of the majority of distillation cases to 
be considered. And we may safely use the relationships which we derive, 
if we are careful to restrict our work to fairly ‘ideal’ cases. Consider 
the following example: 

Example 5-17. The feed to a distillation column consists of 10,000 
lb/hr of a liquid containing 45%m benzene and 55%m toluene at 80°F. 
This is separated into a distillate of 99%m benzene and a bottoms of 
1.5%m benzene. The distillate is condensed at 179°F in the condenser. 
After condensation, the liquid is cooled in the condenser to 170°F. The 
AH of condensation is 13,180 Btu/Ibmole. The bottoms leave at 230°F. 
The AH of vaporization of the bottoms is 13,750 Btu/Ibmole. The ratio 
of reflux returned to the column to the distillate removed is 8.1:1. 
Heat is furnished by steam condensing at 270°F. Heat is removed by 
cooling water which rises in temperature from 70 to 120°F. In the 
reboiler the vapor returned to the column is 3.64%m benzene. 

The heat capacity of all the liquid streams may be assumed to be 
38 Btu/(Ibmole)(F°). Calculate the following: 

a. The moles of distillate and bottoms per hour 

b. The moles of reflux and top vapor per hour 

c. The moles of bottom liquid and reboiler vapor per hour 

d. The pounds of steam and cooling water per hour 

Solution. We first must find the moles of feed. On the basis of 1 mole 
of feed, we have 

85.7 lb 
M,, = (0.45)(78) + (0.55)(92) = 7 


10,000 lb/hr 116.7 lbmole 


85.7 lb/lbmole hr 
a. By material balance around the entire column, on the basis of | hr, 


F 
Fzp 


From these equations, D = 52.1 lbmole/hr and W = 64.6 Ibmole/hr. 
b. By material balance around the condenser 


1147=D+W 
(116.7)(0.45) = (D)(0.99) + (W)(0.015) 


422.0 lbmole 
hr 
474.1 lbmole 
hr 


L = 81D = 
V.=L+D= 


c. By material balance around the reboiler 


Li=V.+ W = V, + 64.6 
Lit, = (V.)(0.0364) + (64.6) (0.015) 
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In this case we have three unknowns, V,, Li, and 21, and so we must 
make use of a heat balance to complete the solution. For the entire 
column, ; 


Heat in: EG (ty — ty) + Q, 
where t = a base temperature. 
Heat out: DC,,(tp — ts) + WCoy(tw — &) + Q 


Assume that t, = tr = 80°F. We know all values except Q, and Q.. 


But 
Q. = V,{13,180 + (38)(179 — 170)] = 13,522V, 


Q, = (52.1)(38)(170 — 80) + (64.6)(38)(230 — 80) + (13,522) (474.1) 
6,971,400 Btu 
Q. a hr 
y, _ 6:971,400 _ 507.0 Ibmole 
Sr nsis760 2". hr 


(This assumes that all of Q, goes to vaporize V,, that is, that the amount 
of sensible heat into Ly; is negligible.) 


571.6 lbmole 
In, hr 


and x21 = 0.0340 
d. For steam condensing at 270°F, AH,,, = 931.8 Btu/Ib. 
6,971,400 _ 7482 lb steam 


931.8 hr 





For the condenser 


Ate 120 -= 70> on Sohes on 


The important thing to note about this problem is that it was solved, 
not because of a knowledge of distillation, but because the principles of 
material and heat balances were applicable, just as in operations studied 
previously. Note also that, again, we have made no comments about the 
actual appearance or arrangement of the equipment. That this column 
would require something between 15 and 30 “theoretical stages’? and 
might be 20 to 50 ft high is extremely important but is not to be deduced 
from material and heat balances alone. 

It is also interesting to note that the problem as formulated is feasible 
for the benzene-toluene mixture. It would be equally easy to solve the 
material-balance relationships, had the mixture supplied been ethanol- 
water. Furthermore, if heat-capacity and enthalpy-of-vaporization 
data had been available for ethanol-water, it would have been possible to 
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calculate the amounts of steam and cooling water needed. However, 
the answers would have been impossible, because the ethanol-water mix- 
ture cannot be separated into these compositions by ordinary distillation. 
Only a knowledge of the vapor-liquid equilibrium relationship for this 
mixture would have saved you from making an impossible, and therefore 
ridiculous, set of calculations. For reasons such as these, we must again 
emphasize that material and energy balances are perfectly valid, assum- 
ing that the postulated separation (or other physical or chemical change) 
is possible. 


SUMMARY 


We have attempted to describe the unit-operations concept because it 
is at present the basis of all chemical-engineering education and practice. 
We have presented some case histories of unit operations as a vehicle for 
illustrating further the usefulness of material and heat balances. Certain 
important concepts, such as inventory change, have been introduced. 
In several places we have given warnings about how far you may expect 
to go on the basis of material and heat balances alone before you may 
encounter troubles. 

The problems at the end of the chapter are designed to review some of 
the concepts using the unit operations which have been discussed exten- 
sively. In addition, there are numerous problems on operations which 
have not been mentioned at all. These can be approached with the 
same confidence as can the problems in evaporation, humidification, and 
distillation. No matter what the equipment looks like or what operation 
it performs, we can always say “‘rate of input—rate of output = rate of 
accumulation.” 


PROBLEMS 
5-1. An experimental reactor is being run to crack propane by this reaction: 
C;Hs— C;H. + He 


Pure propane is fed at 25°C and 3 atm pressure at a rate of 10 ft/sec through a pipe of 
3-in. ID. The gas is preheated, reacted, and the products cooled. The reaction is 
50% completed; i.e., only 50% of the propane is cracked. The products leave at 
25°C, 2 atm, through a 5-in. ID pipe. Calculate the following: 

a. The mass rate into the reactor, lb/hr 

b. The mass rate out 
The molal rate in 
. The molal rate out 
. The net heat in or out 
. The outlet velocity 

5-2. A solution contains 60 %w Na:S.O02 and 1% soluble impurity in water. Upon 
cooling to 10°C, Na»S2025H:2O crystallizes out. The solubility of this hydrate is 
1.4 lb Na.S.025H2O/lb free water. The crystals removed carry as adhering solution 


“So AS 
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0.06 Ib solution /Ib crystals. These are dried to remove the remaining water (but not 
the water of hydration). The final dry Na:S,025H:O crystals must not contain 
more than 0.1%w impurity. In order to meet this specification, the original solution, 
before cooling, is further diluted with water. On the basis of 100-lb original solution, 
calculate the following: 

a. The amount of water added before cooling 

b. The percentage recovery of the Na2S2Oz in the crystals 

5-38. A 3%w salt solution (3 lb salt/100 lb solution) is evaporated to 15% in a 
single-effect evaporator. The heat capacity of the entering 3% solution is 0.98 
Btu/ (lb) (F°); that of the 15% solution is 0.90. The feed temperature is 70°F. The 
boiling point in the evaporator is 220°F. It requires 970 Btu to evaporate 1 lb of 
water from the boiling solution. The steam gives up only its latent heat of vaporiza- 
tion, 946 Btu/Ib. 

a. How many pounds of steam are required per 100 lb of feed? 

b. It is proposed to run the concentrated solution through a countercurrent heat 
exchanger (economizer) to heat the feed. If the concentrated solution is cooled in 
the economizer from 220 to 120°F: 

(1) How much heat is transferred to the feed stream? 

(2) What percentage decrease in steam consumption results? 

5-4. An evaporator operating at steady state is concentrating 100 lb/min of a 
water solution containing 10%w NaOH and 0.1%w NaCl. While a storage tank is 
being repaired, the outlet concentrate is fed into another tank which already contains 
2000 lb of a solution of pure NaOH in water. At the end of 1 hr the mixed solution in 
this tank contains 31.34%w NaOH and 0.171%w NaCl. Calculate the following: 

a. The concentration of the 2000 lb originally in the tank 

b. The composition of the concentrate from the evaporator 

c. The pounds of water evaporated in 1 hr 

5-5. An evaporator in a chemical plant is set up as follows: Fluid from a process is 
fed into a storage, or ‘‘buffer,’”’ tank. From this tank it is fed to the evaporator. 
From the evaporator the concentrate is fed to a storage tank. Because of irregulari- 
ties in steam available for the evaporator, two control devices are used. The feed 
to the evaporator is controlled to maintain a constant level in the evaporator. Con- 
centrate removal is controlled so that the concentration is constant. Also, because of 
the layout of equipment, it is the duty of one operator to keep records on the amount 
of liquid in the buffer tank. Another operator keeps the records on the amount of 
concentrate in the storage tank. The feed into the buffer tank is steady at 5000 lb/hr. 
During the last part of the night shift, with reliable workmen on duty, the following 
data are taken: 


Lb in buffer tank | Lb in storage tank 





During the day shift the operator recording the storage-tank data is accused of loafing 
and filling in the data sheet later. From the data taken during the day, is the accusa- 
tion correct? 
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Lb in buffer tank | Lb in storage tank 


5-6. Ten thousand pounds per hour of a 6%w solution of salt in water is fed to an 
evaporator. Saturated solution is produced, and some of the salt crystallizes out. 
The hot crystals, with some adhering solution, are centrifuged to remove some of the 
solution. Then the crystals are dried to remove the rest of the water. During a 1-hr 
test, 837.6 lb concentrated solution was removed, 198.7 lb solution was removed from 
the centrifuge, and 361.7 lb dry crystals were removed from the drier. Previous tests 
on the centrifuge show that it removed about 60% of the adhering solution. Calcu- 
late the following: 

a. The solubility of the salt 

b. The water evaporated in the evaporator 

c. The water evaporated in the drier 

5-7. A mixture of CCl, and air at 1 atm total pressure and 100°F has a relative 
humidity of 40%. This is cooled at constant pressure to 40°F. Calculate the 
following: 

a. The CCl, condensed /Ib dry air 

b. The heat removed/lb dry air 

5-8. One hundred cubic feet of a mixture of CCl, and air at 60°F, H = 0.2, is 
mixed with 400 ft* at 120°F with a relative humidity of 40%. The mixing takes place 
at a constant total pressure of 1 atm, without heat exchange with the surroundings, i.e. 
adiabatically. Using the humidity diagram and additional calculations where needed, 
calculate the following: 

. The moles of mixture 

. The mole fraction of CCl, in the mixture 
. The pounds of mixture 

. The final humidity 

. The final temperature 

. The final volume 

The relative humidity 

. The dew point 

. The adiabatic saturation temperature 

j. The wet-bulb temperature 

5-9. In Perry’s Handbook,* page 811, we find these equations for the air—water- 
vapor system: 

For the specific volume of dry air 


Va = 11.57 + 0.025¢ 


.  FAQwNe Ra oe 


* John H. Perry (ed.), ‘‘Chemical Engineers’ Handbook,” 3d ed., McGraw-Hill 
Book Company, Inc., New York, 1950. 
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For the humid volume of saturated air 


V. = (0.0405) (460 + t)(0.622 + H,) 


where Va = specific volume, ft*/lb 
V. = humid volume, ft*/lb dry air 
t= °F 
H, = saturation humidity, lb water vapor/Ilb dry air 
Derive these equations. 

5-10. Using vapor-pressure data, verify by calculation the saturation curve for 
air—water-vapor mixtures at 1 atm total pressure. 

5-11. Verify by calculation one of the adiabatic-saturation lines for the air—water- 
vapor system at 1 atm. 

5-12. Verify one of the constant-relative-humidity lines for air-water. 

5-13. Verify the humid-heat, dry-volume, and saturated-volume lines for air- 
water. 

5-14. One poundmole of methane, CH,, is burned completely to CO. and water 
with 50% excess air. The dry-bulb temperature of the products is reduced to 100°F. 
What is the wet-bulb temperature? Does any water condense? The total pressure is 
760 mm Hg. 

6-15. A wet paper pulp is to be dried from 60 to 20%w H.O. These values areon 
a wet basis; i.e., 60% means 0.6 lb H2O/lb wet paper. Air at 110°F with a humidity 
H of 0.006 lb H.2O/lb dry air is to be used. The specific heat of this air may be 
assumed constant at 0.25 Btu/(lb dry air)(F°). During the drying the paper tem- 
perature does not change. Approximately 1060 Btu are required to vaporize and heat 
1 lb of water under these conditions. 

a. Per pound of dry paper, what is the minimum air which may be used if its outlet 
temperature is not allowed to fall below 80°F? 

b. What is the outlet humidity of the air? 

5-16. A solid is to be dried from 50 %w to 10%w moisture (dry basis) in a continuous 
drier. Nine hundred pounds of wet solid will be fed to the drier per hour. The 
“fresh air’’ for the preheater is at 78°F and 60% relative humidity. 

The following procedures are under consideration. Draw each on a rough humidity 
chart, labeling the points carefully, and answer the questions asked below. 

a. Fresh-air consumption is 2970 ft?/min. Drying is adiabatic. Exit air (from the 
drier) is at its dew point. To what temperature must the fresh air be preheated? 

b. Fresh-air consumption is 2970 ft?/min. Latent heat of vaporization is supplied 
by an internal heater. Exit-air relative humidity is 90%. To what temperature 
must the fresh air be preheated? 

c. Fresh-air consumption is 2970 ft?/min. Drying is adiabatic. Fresh air is pre- 
heated to 180°F. What will be the percent relative humidity of the exit air? 

d. Drying is adiabatic. Exit air is saturated. Fresh air is preheated to 200°F. 
What percentage decrease in the fresh-air feed is necessary? 

5-17. A rotary drier is run in the following manner: Fresh air at 60°F dry-bulb and 
45°F wet-bulb is mixed with recycled air, at 112°F dry-bulb and a dew point of 
104.3°F, from the drier exit. This mixture is heated to 200°F dry-bulb, 88.5°F dew 
point, and enters the drier under these conditions. Fresh air is fed to the unit at the 
rate of 184,000 ft*/hr, based on actual fresh-air conditions. Sixteen hundred and 
fifty-seven pounds of wet solid, containing 39.7 %w moisture on a wet basis, enters the 
drier each hour. The solid enters at 105°F and leaves, completely dry, at 175°F. 
The flow is countercurrent. Heat losses are negligible. Calculate the following: 

a. The pounds of fresh dry air per hour 
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b. The pounds of dry air recycled per pound of fresh dry air 
c, d. The pounds of water evaporated, by two methods 
e. The heat capacity of the dry solid 
f. The pounds of steam, condensing at 225°F, which must be condensed each 
hour in the air heater 
5-18. In a spray drier a liquid solution of the material to be dried is sprayed into a 
stream of hot gas. The water evaporated from the solution leaves with the exit gases. 
The solid is recovered by means of cyclone separators. In one test the following data 
are taken: 


Inlet air: 100,000 ft*/hr, 600°F, 780 mm Hg, dew point 40°F 
Inlet solution: 300 lb/hr, 15 %w solids, 70°F 

Outlet air: 200°F, 760 mm Hg, dew point 100°F 

Outlet solid: 130°F 


The outlet solid is not entirely dry. The heat capacity of dry solid is 0.2 Btu/(Ib)(F°). 
Calculate the following: 

a. The composition of the outlet solid 

b. The Btu given up by the inlet gas 

c. The Btu to heat the water and vaporize it 

d. The Btu to heat the remaining outlet solid 

e. The percentage of the heat given up by the gas that is lost as radiation 

5-19. A mixture of 0.0783 lb benzene/Ib nitrogen at 1 atm has a per cent absolute 
humidity of 48.6%. What is the per cent relative humidity? 

5-20. In distillation work, compositions of liquid and vapor in equilibrium are often 
calculated by means of “K values,” 
where y = Kz 

y = mole fraction of particular component in vapor 
x = mole fraction of same component in liquid 
K is called the equilibrium constant. 

a. A mixture of 10%m propane, C;Hs; 48.4% n-butane, C,H1o; and 41.6% n-pen- 
tane, C;His, boils at 100°F at a total pressure of 3 atm. The K values are 2.7, 1.2, 
and 0.36, respectively, at these conditions. Calculate the composition of the vapor in 
equilibrium with the liquid. 

b. The over-all composition of a mixture is 15%m propane, 50% n-butane, and 35% 
n-pentane. Calculate the relative amounts and compositions of liquid and vapor 
phases at equilibrium at 100°F and 3 atm, carefully working out the mathematical 
relationships that exist. 

5-21. In the distillation problem used as an example (Example 5-17), the following 
data were given or calculated: 


Feed: 10,000 lb/hr, z = 0.45 (mole fraction benzene in toluene) 
Distillate: 52.1 lbmole/hr, z = 0.99 

L/D = 8.1/1 

Bottoms: 64.6 Ibmole/hr, z = 0.015 

Reboiler vapor: 507.0 Ibmole/hr, y = 0.0364 

Bottom liquid: 571.6 Ibmole/hr, x = 0.0340 


Calculate and tabulate weight fractions and weight rate of flow for feed, distillate, top 
vapor, reflux, bottoms, bottom vapor, and bottom liquid. Check the weight material 


balances. 
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6-22 A mixture of 50%m toluene and 50% ethylene dichloride is distilled con- 
tinuously in a column, the bottom product being 95% toluene and the top product 
98% ethylene dichloride. The bottom of the column contains a reboiler where the 
level may change. The liquid in this reboiler is of the bottoms composition. On the 
basis of 100 mole of feed, calculate the amounts of the two streams discharged during 
a period when there is an accumulation of 5 mole of material in the reboiler. 

5-23. In a distillation column for separating phenol and water, if the feed is less 
than 1.68%m phenol, the top-vapor composition will not be greater than 1.92% 
phenol, because of the formation of an azeotrope (constant-boiling mixture). Upon 
condensation, if the average composition is between 1.68 and 1.92%, the top vapor 
separates into two layers (at 20°C). One layer, containing 1.68% phenol, is fed back 
to the column as reflux. The other, containing 33.1% phenol, is removed for further 
processing. 

If 100 mole of a solution of 1% phenol and 99% water is fed to a column per hour, 
the bottoms contain 0.1% phenol, and the average top-vapor composition (before 
condensation) is 1.9%, how many moles are returned as reflux per hour? 

5-24. In the distillation-problem example (Example 5-17), 116.7 lbmole/hr of a 
mixture of 45%m benzene in toluene was separated into a distillate of 99% benzene 
and a bottoms of 1.5% benzene. In the condenser 13,522 Btu were removed per mole 
of top vapor condensed. Thirteen thousand seven hundred and fifty Btu were sup- 
plied by the steam per mole of reboiler vapor. The distillate left at 170°F, the bottoms 
left at 230°F, and the feed was introduced at 80°F. It has been proposed to change 
operations by introducing the feed as saturated vapor at 210°F. [The heat capacity 
of the feed may also be assumed to be 38 Btu/(Ibmole)(F°), and the heat of vaporiza- 
tion at 210°F is about 13,750 Btu/Ibmole.] In order to get the same separation as 
before, it is estimated that the ratio of L/D at the top of the column must be increased 
from 8.1 to 10.0. 

a. Calculate the per cent change in steam flow to the reboiler and cooling-water 
flow to the condenser. 

In order to heat the feed and vaporize it, it is proposed to use three heat exchangers 
in series. The feed will be heated from 80 to 160°F by condensing some of the top 
vapor. Assuming that each mole of top vapor gives up 13,522 Btu, the same as in 
the water-cooled condenser, 

b. How many moles of top vapor will be condensed? 

In the second heat exchanger the feed at 160°F will be further heated by the hot 
bottoms. The feed temperature can be allowed to rise to within 5 F° of the exit tem- 
perature of the bottoms from this heat exchanger. 

c. What is the exit temperature of the feed from this exchanger? 

Finally, in the third exchanger, the feed will be heated to 210°F and vaporized by 
steam condensing at 270°F. 

d. Comparing the total steam used in this case with that used in the example, is the 
operation economical? 

5-25. One poundmole per minute of a dry gas mixture containing 60%m N, and 
40% SOs is fed to the bottom of a countercurrent absorption tower. Fifty pounds of 
60%w H,SO, in water is fed to the top of the tower in the same time. The concen- 
trated acid leaving the bottom contains 84.8% H.SO,. The exit gases leave the top 
of the tower at a total pressure of 29in. Hg. Water vapor in the gases exerts a partial 
pressure of 7in. Hg. What percentage of the entering SO; is absorbed and converted 
to H.S0O,? 

5-26. In a liquid-liquid extraction a solvent is fed into the bottom of a column 
countercurrent to a stream of liquid containing a solute. The leaving stream of 
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solute in solvent is called the extract, and the leaving stream of liquid which has been 
depleted is called the raffinate. The degree of extraction depends on the physical 
layout of the equipment, the relative quantities of materials, and the relative solubili- 
ties of the solute in the two liquids. 

In a typical experiment a steady flow of 100 lb/hr of liquid A containing 5 lb of 
solute S (i.e., a total flow of 105 lb/hr) is fed into the top of acolumn. Pure solvent B 
is introduced at the bottom. The concentration of solute in the extract is such that 
it is in equilibrium with the entering solution (when this is possible), and this equilib- 
rium is determined by a distribution coefficient 


CB 


es 


where C4 = lb solute/Ib liquid A and Cg = lb solute/Ib liquid B. 
If K = 2, calculate the extract and raffinate compositions for flow rates of 25, 50, 


and 100 lb pure B/hr. What is the highest flow rate for B that could possibly be 
economical? 


Chapter 6 
CHEMICAL PROCESSES 


The application of the concept of unit operations stimulated the devel- 
opment of chemical-engineering technology to a remarkable degree. 
Because of this concept, the field was developed by investigation of the 
connective principles of the physical-separation processes rather than by 
concentration on the discrete problems of each particular industry, and 
chemical engineering advanced from the stage of art to the stage of 
science. Attention was then turned to the numerous chemical reactions 
employed industrially in an effort to achieve a corresponding recognition 
and elucidation of their similarities. The chemical reactions (called 
processes to distinguish them from physical separations, which were called 
operations) were divided into unit processes. Professor R. N. Shreve* 
lists the principal unit processes as follows: 


1. Combustion 

2. Oxidation 

3. Neutralization 
4. Silicate formation 
5. Causticization 
6. Electrolysis 
7. Double decomposition 
8. Calcination 

9. Nitration 

10. Esterification 

11. Reduction 

12. Ammonolysis 

13. Halogenation 

14. Sulfonation 

15. Hydrolysis 

16. Hydrogenation 

17. Alkylation 


*“The Chemical Process Industries,’ McGraw-Hill Book Company, Inc., New 
York, 1945. 
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18. Friedel-Crafts 

19. Condensation 

20. Polymerization 

21. Diazotization and coupling 
22. Fermentation 

23. Pyrolysis 

24. Aromatization 

25. Isomerization 


Although reactions within a classification may show certain similarities 
in energy relationships, rates, etc., and may be carried out in similar 
equipment, an examination of the list of unit processes reveals many 
exceptions and disparities. For example, the nitration of naphthalene is 
more like the sulfonation of naphthalene than it is like the nitration of 
methane. The lack of fundamental similarities in each class of unit 
processes is apparent to such a degree that the concept is not nearly as 
useful as that of unit operations. 

In this chapter, we shall consider a few typical chemical processes. 
They are representative of the broad field of industrial chemistry. It 
is not our aim to make you expert in the calculations of any one process 
but rather to show how the principles thus far developed are applied in 
practice. We have not simplified complex situations for use as illustra- 
tions. We have considered less complex, but genuine, situations. The 
calculations are typical sound industrial practice. You can build a 
firm foundation on them and can, if you ever need to, become more expert 
in a particular process by learning additional facts and techniques for 
refinement (rather than replacement) of these calculations. 

Material balances have been discussed before heat balances in each 
instance because they are prepared first. 

We have presented an integrated, verbal picture of each process before 
discussing details. The description emphasizes connective principles 
and helps you to understand why the calculation of certain quantities is 
stressed in the detailed discussions of parts of the process. The first two 
processes which we consider, combustion of fuels and oxidation of sulfur, 
are good examples of processes that are so widely employed that the 
calculations have been systematized in the engineering literature. 


COMBUSTION 


By far the most commonly employed industrial process for heat 
generation is called combustion, or burning. This is a chemical reaction 
(oxidation) in which one of the reactants is free (oxygen in air) and the 
other is relatively cheap (fuel gas, fuel oil, coal). When combustion is 
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practiced for commercial purposes it must be accomplished as eco- 
nomically as possible. The most important factors affecting economy 
are the efficiency of consumption of the combustible matter and the 
efficiency of transfer of the heat generated. 

Consumption Efficiency. There are two causes of inefficient utilization 
of fuel. One is loss of some of the combustibles charged, and the other is 
incomplete or partial combustion of the combustibles burned. 

The magnitude of these inefficiencies may be determined by analysis of 
the furnace refuse and combustion gases (‘‘flue”’ gases). Since the final 
measure of any industrial process is its profitability, losses of both types 
are permitted so long as the cost of preventing them is higher than the 
value of the heat that would be saved. In the case of losses in the refuse, 
different types of coal and/or furnaces are considered. In the case of 
loss of potential heat by partial oxidation (carbon to CO rather than to 
CO:.), the decision is influenced by considerations of heat-transfer 
efficiency as indicated in the following section. 

Heat-transfer Efficiency. Heat-transfer efficiency depends upon the 
temperature level at which heat is available and upon the mechanical 
design of the heat-exchange apparatus. The temperature of the flue 
gases depends upon the nature of the fuel and upon the amount of air 
used for combustion. In order to promote efficient consumption of the 
fuel, excess air is used, but the greater the excess, the lower the flame 
temperature and the poorer the heat-transfer efficiency. Therefore, to 
select an optimum air-fuel ratio, a balance between fuel economy and 
heat-transfer economy must be made. The design of heat-exchange 
apparatus is beyond the scope of this book. Our calculations will be 
confined to heat balances around existing equipment. 

In the preceding paragraphs we have discussed ‘‘consumption effi- 
ciency” and “heat-transfer’’ efficiency. These are the things which 
really matter in furnace performance, but it is not common industrial 
practice to discuss them in this manner. Since the purpose of furnace 
operation is to raise heat, all inefficiencies are discussed in industry from 
the standpoint of the heat loss which they represent. In the case of heat 
losses accruing in transfer of the generated heat (such as loss in furnace 
gases because their temperature level was too low or loss to surroundings 
because of poor insulation), we are considering real heat quantities. In 
the case of losses by discharge of partially oxidized or unburned com- 
bustibles, we are considering quantities of heat that could have been 
generated but were not. We say that these are losses of “potential” 
heat, or “heating value.” 

In the succeeding discussion of reactants, refuse, and flue gases, the 
details of energy and material flow are examined. 

Figure 6-1 is a diagrammatic representation of a furnace showing the 


CHEMICAL PROCESSES 215 


entering and leaving streams. The elemental constituents of each stream 
are indicated. Before we consider the measurement and/or analysis of 
individual streams in detail, let us consider the integral process, emphasiz- 
ing those factors which are primary from the standpoint of material 
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Fia. 6-1. Furnace streams. 


balance. Since the primary task in preparing a material balance is to 
develop the quantitative relationships between the streams (rather than 
within them), the primary factors which we must consider are those which 
“tie” the streams together. Remember that we should not choose a 
basis arbitrarily. Our choice of basis may simplify or complicate the 
calculations, but it in no sense “permits” or “forbids” a solution. The 
recognition of the fact that certain quantities of elements or compounds 
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may be used to determine equivalent stream quantities is what leads to a 
problem solution. We have called the primary factors key components. 

The key component relating a solid fuel and the furnace refuse is the 
ash. This is the material which cannot be gasified. (The term “gasi- 
fied’? means “changed to a gas or vapor.’’ Water is simply vaporized; 
carbon is changed to the monoxide or dioxide.) Note the emphasis on 
the word “‘cannot.”’ An individual furnace may not gasify all gasifiable 
material in the fuel charged to it. The ash contents of both the coal and 
the refuse are determined by an analytical procedure that effects total 
possible gasification. All the ash in the coal leaves the furnace in the 
refuse. Therefore a quantity of coal containing a specific amount of ash 
is equivalent to a quantity of refuse containing the same amount of ash. 
Gaseous and liquid fuels contain no ash and produce no refuse. 

The key component relating the flue gas and fuel is the carbon gasified. 
Some of the carbon charged in solid fuels is unburned (ungasified) and 
leaves with the refuse. An ash balance and refuse analysis are necessary 
to determine the fraction of carbon charged that is unburned. Since all 
the carbon gasified appears in the flue gas, equivalent quantities of flue 
gas and fuel may be calculated when the amount of carbon gasified is 
known. 

The key component relating the flue gas and air is the “‘air nitrogen.” 
All the nitrogen entering with the combustion air appears in the flue gas. 
Nitrogen entering in the fuel also appears in the flue gas. The quantity 
of nitrogen in solid and liquid fuels is negligible, and it is possible to deter- 
mine equivalent quantities of air and flue gas simply by calculating, with 
the aid of the flue-gas analysis, the amounts of air and flue gas which con- 
tain equal quantities of nitrogen. The quantity of nitrogen in gaseous 
fuels, however, is appreciable and must be accounted for in the deter- 
mination of air nitrogen. The fuel-gas analysis, giving the carbon- 
nitrogen ratio in the fuel gas, and the flue-gas analysis, giving the total- 
nitrogen- (fuel nitrogen plus air nitrogen) carbon ratio in the flue gas, 
may be used (after the carbon gasified has been used to establish equiva- 
lent fuel-gas and flue-gas quantities) to calculate the quantity of air nitro- 
gen in a specific quantity of flue gas. The equivalent quantity of air 
may then be determined, since the composition of air is known. It is 
reasonable to use an air composition of 79%m Nz and 21%m O: for this 
purpose. 

Now let us consider the secondary elements or compounds whose 
amount and distribution must be determined by calculation or analysis. 
Hydrogen is the most important of these. It may be present in air as 
water vapor. It is present in gaseous fuels in combination with carbon 
in relatively simple compounds. It is present in more complex com- 
pounds of carbon in liquid fuels. Solid fuels contain hydrogen in 
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adsorbed water and in extremely complex compounds of unknown struc- 
ture. The latter compounds contain carbon, hydrogen, a small amount 
of oxygen, nitrogen, and sulfur. We commonly speak of three “kinds” 
of hydrogen in solid fuels. One is the hydrogen in adsorbed water. This 
water will simply be vaporized during combustion; it is not ‘‘made” nor 
“formed”’ by the combustion process. It is called moisture to emphasize 
the fact that it already exists as the compound H,0O in the fuel charged. 

Another “‘kind”’ of hydrogen is that equivalent to the oxygen in the 
complex compounds in the fuel. It is called combined hydrogen and is 
treated as though it were already combined with oxygen in the propor- 
tions H.O. This concept of ‘‘combined”’ hydrogen (said to be in ‘‘com- 
bined” water) is artificial. Except for the hydrogen in the moisture, 
none of the hydrogen in the coal is combined with oxygen in the ratio 
H.O. The “‘combined-water”’ concept is used simply for convenience, 
for two reasons. ‘The first reason is that it simplifies the calculations. 
The second reason is that its widespread adoption standardizes the calcu- 
lation method and facilitates comparison of the calculations of different 
operators. 

The third “kind” of hydrogen is called net hydrogen. It may be 
defined as that hydrogen which requires air oxygen for its combustion. 
Net hydrogen plus combined hydrogen are the total hydrogen of dry coal. 
The total hydrogen of wet coal includes moisture hydrogen. 

A complete material balance requires determination of the fate of the 
hydrogen. An ash balance plus coal and refuse analyses can reveal the 
amounts of net and combined hydrogen in the refuse and the amount of 
water vapor in the flue gas derived from net and combined hydrogen in 
the coal. All the moisture in the coal and air is also in the flue gas. 
Therefore, if the flue gas, coal, and air have been “tied” together by 
carbon and nitrogen balances and if the moisture contents of coal and air 
are also known, the total water vapor in the flue gas can be determined 
by calculation. However, net-hydrogen determination on coal is diffi- 
cult and is often omitted. In that event an alternative calculation pro- 
cedure is employed. After the air has been tied in, the air oxygen sup- 
plied is known. If there are no other elements in the coal that can 
consume oxygen, the air oxygen has combined either with carbon or net 
hydrogen or has remained uncombined. Since the Orsat analysis of the 
flue gas reveals the oxygen which is combined with carbon and that which 
is uncombined, the amount combined with net hydrogen and thus the 
amount of net hydrogen burned can be determined by the difference 
between the air oxygen entering and the oxygen (in CO, COs:, and as Oz) 
in the flue gas. 

Another secondary element in the fuel is nitrogen. Appreciable 
quantities of the element may be present in gaseous fuels. This ‘fuel 
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nitrogen” is handled as described above in the nitrogen balance so that 
it will not be confused with air nitrogen and lead to erroneous calculations. 
The quantity of nitrogen in solid fuels is very small and may be neglected 
in the nitrogen balance. 

The only other material of importance is the sulfur in solid fuels. It 
may be present as organic sulfur or as iron sulfide (FeS2 iron pyrites). 
Organic sulfur is sulfur in the complicated carbon-hydrogen-oxygen 
complexes. This sulfur consumes air oxygen to form SO: or SOs. Iron 
pyrites in the solid fuel complicates calculations in two ways. The sulfur 
consumes air oxygen, and the iron not only consumes air oxygen to form 
Fe.0; (thus complicating the ash balance) but the Fe2O; also may absorb 
some of the SQ; formed. If appreciable amounts of sulfur are present, 
the details of calculation and analysis are much more tedious. The 
discussion of pyrites burners in a later section of this chapter reveals the 
methods of calculation that must be employed. In order to prevent such 
complications from obscuring the more important aspects of combustion 
calculations, we shall consider only those coals which contain negligible 
sulfur. 

Following is a discussion of individual streams, their analyses, and the 
conclusions which may be derived from the analyses. 

Fuels. Gases. Gaseous fuels may occur naturally or be products or 
by-products of industrial processes. The following table gives approxi- 
mate compositions for some of them. 


TasxeE 6-1. TyprcaL INDUSTRIAL FuEL GasEs* 





Producer | Water | Coal | Carburetted | Natural | Refinery 


Constituents 
gas gas gas water gas gas gas 

CO) Fatase Mia cee eB 25.3 38.3 5.9 Psy Oe POLE 1.2 
|S Se ontaak Their 13.2 52.8 | 53.2 =p Al N'Y Inge cote Vege 
CHG Hi. te0 0. BO 0.4 0:4 {7 '29.6 8.6 82.8 23.3 
C.Hsz. sotiehinles avi erasing We AAS. S. 1.2 16.3 21.7 
Illuminants (unsatur- 

ated hydrocarbons)| ..... | ..... Seal f 13.1 0.8 39.6 
(+ OPE err sere s 5.4 5.5 1.4 6.1 ied 0.1 
Bd tere til eM 07d 0.1 Onn O76 ae |p 1.0 
NG ih feb ee Te OP 55.2 2.9 6.5 On 
Net heating value, 

Rta sitios y wivta. 129 295 548 603 1145 1468 





*From John H. Perry (ed.), ‘“Chemical Engineers’ Handbook,” 3d ed., p. 1577, 
McGraw-Hill Book Company, Inc., New York, 1950. 


The method of analysis involves collecting a dry sample over mercury 
and subjecting this sample to a series of operations designed to remove 
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individual gases. The volume is measured before and after each pro- 
cessing step, and the analysis is reported on a volumetric (or mole) basis. 
Nitrogen is determined by the difference between 100% and the sum of 
the percentages of all other constituents. Drying of the sample is usually 
necessary because certain of the reactants used to absorb specific gases 
will react with water. In the event that no such reactant need be used, 
a saturated sample is collected, as in the Orsat analysis discussed previ- 
ously. In either event, the gas analysis is on a dry basis, and water- 
vapor content must be determined separately. Gaseous fuels bring two 
“types”’ of heat to the furnace. One is sensible heat (above an arbi- 
trary datum), and the other is potential heat, part or all of which will be 
released during combustion. The heating value of gaseous fuels is 
expressed as Btu/standard cubic foot. ‘Standard conditions” in the 
gas industry are 1 atm and 60°F. Since chemical engineers also call 1 atm 
and 32°F “standard conditions,’ such expressions as “‘standard con- 
ditions,” ‘‘standard pressure and temperature,’ and “‘normal pressure 
and temperature” should not be used in lieu of a statement of the tem- 
perature and pressure when there is any possibility of misinterpretation. 
The heating value of a gaseous fuel may be determined experimentally or 
calculated from heat-of-combustion data and the gas analysis. A care- 
ful statement of the basis of the heating value must be made. Usually 
the heating value per cubic foot at 1 atm and 60°F is the total heat 
evolved by combustion with dry air when the fuel and air are at 60°F 
before burning and all the flue gases are cooled to 60°F after burning, with 
the water vapor condensed to liquid at that temperature. This quantity 
is called the higher heating value (HHV) or gross heating value (GHV). 
If the latent heat of the liquid water is subtracted from the higher heating 
value, the lower heating value (LHV) or net heating value is obtained. It is 
the heat that would have been generated if the flue gases had been cooled 
to 60°F, with the water remaining as vapor. When a heating value is 
given in a problem statement, it may be assumed to be the HHV unless 
otherwise noted, because it is this value which is usually reported. 

Liquids. The commonest liquid fuels are light or heavy oils which are 
products or by-products of petroleum refining. They contain compounds 
of known structure but of higher molecular weight than the compounds 
of gaseous fuels. The analysis commonly made for use in combustion 
calculations gives the percentage by weight of each element. Liquid 
fuels contain carbon and hydrogen and negligible amounts of oxygen and 
ash. Their heating values are expressed in Btu/Ib. 

Solids. Solid fuels are coals and pre-coals. They presumably were 
formed from ancient vegetation. They contain elemental carbon, com- 
plex organic compounds of unknown structure, and mineral matter. The 
organic compounds contain carbon, hydrogen, oxygen, sulfur, and nitro- 
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gen. The mineral matter is noncombustible and forms the ash. Two 
types of analysis, called proximate and ultimate, are made on coal. The 
ultimate analysis reports the percentage by weight of ash and of each ele- 
ment in the coal. It may be made on dry or wet coal. The proximate 
analysis is obtained by an empirical procedure developed and stand- 
ardized by the coal industry. It reports the percentage by weight of 
moisture, volatile combustible matter, fixed carbon, and ash. Both of 
these analyses are important from the standpoint of ‘‘classification”’ of 
coal in grades such as “anthracite,” ‘‘semibituminous,” and “ bitumi- 
nous.”” We shall not make this our concern in this text but shall consider 
the analyses of a particular coal in relation to each other and to the fur- 
nace calculation. 

PROXIMATE ANALYSIS. Moisture content is determined by measuring 
the loss in weight of a sample heated for 1 hr at 104° to 110°C. The dried 
sample is then heated in a covered crucible for 7 min at 950°C and 
reweighed. The material lost is called volatile combustible matter (VCM). 
The VCM contains substantially all the hydrogen, oxygen (exclusive of 
that in moisture), sulfur, and nitrogen and a large amount of carbon. 
The remaining combustible is considered to be pure carbon. It is called 
fixed carbon (FC), and its percentage is calculated, after the ash has been 
measured by complete combustion of the sample in air at 725°C, by 
subtracting the sum of the percentages of moisture, VCM, and ash from 
100. It is convenient for calculation purposes to consider the oxygen in 
the VCM to be combined with an equivalent amount of hydrogen. The 
remaining hydrogen is called “net” hydrogen. It requires air oxygen for 
its combustion. In keeping with this approach, we say that the VCM 
consists of combined water and volatile hydrocarbons which contain small 
amounts of nitrogen and sulfur in their structures. 

ULTIMATE ANALYSIS. The technique of the ultimate analysis need not 
concern us except that we should note that the oxygen is determined by 
difference. Therefore all errors accumulate in the “ %w oxygen” figure 
and subsequently alter the values of combined and “net”? hydrogen. 

The carbon reported in the ultimate analysis is the sum of that present 
in the VCM and FC. The hydrogen is in the VCM (net and combined) 
and in moisture (if the coalis wet). Oxygenisin the VCM (combined) and 
in moisture. Nitrogen isin the VCM, and sulfur is in the VOM (organic) 
or in mineral sulfides (usually FeS.). In the coals that we shall consider, 
nitrogen and sulfur may be neglected except in the statement of the 
analysis, where their omission would cause serious error in the oxygen 
value reported. 

The relation between the ultimate and proximate analyses is illustrated 
in the following example. 
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Example 6-1. Complete the following coal analyses. The analyses 
were all made on the same coal, which had been “ air-dried.” 


Ultimate Proximate Modified ultimate 
C , 78%w FC 65 Aw C 
1p be 6 Moisture 4 Moisture 
Oz VCM Combined H,O 
N* 3 Ash Net H 
Ss 7 Sea Ne sees A a Rt N+S 
AST OP" Wehner t onthe ie cack Ash 


*In accord with common practice we use the symbols H,O,N, rather than H2,02,N2, 
when giving a coal analysis. This was done originally to emphasize the fact that the 
analysis is on a weight basis. However, in our opinion it is reasonable to use the 
symbol for the common molecular form of an element when stating a weight (as in 
5 lb H.) and we shall do so in the calculations. 


Solution. The only quantity missing in the ultimate analysis is oxygen. 
It may be calculated, by difference, to be 7 %w. 

Since the analyses were all on the same basis (‘‘air-dried” coal), each 
should show 4%w ash, as measured in the ultimate analysis. 

The VCM may next be calculated by difference to be 27%w (100 
— 65 — 4 — 4). This completes the proximate analysis. 

The modified ultimate analysis remains to be completed. Carbon 
content is 78%w, moisture is 4%w, N +S is 5%w, and ash is 4%w. 
Since net hydrogen is the hydrogen requiring air oxygen for combustion, 
it may be determined by subtracting the hydrogen equivalent to 7 lb of 
oxygen from the total hydrogen. 


2lbH.\ _ : : , 
(7 lb Oz) (area) = 0.88 lb H, in moisture and combined H.O0 


6 lb total H. — 0.88 lb Hz = 5.12 Ib net He 


Combined H,O0 may now be calculated by difference to be 
3.88%w (100 — 78 — 4 — 5.12 — 5 — 4) 














Ultimate Proximate Modified ultimate 
C 78 %w FC 65 Aw Cc 78 
H 6 Moisture 4 Moisture 4 
O 7 VCM 27 Combined H:O 3.88 
N 3 Ash 4 Net H 5.12 
Ss in | Le Bie dees G N+S5S 5 
MME ee © | hate dries ia Ash 4 
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Example 6-2. Calculate the ultimate analysis of the VOM from the 
following analyses of a coal. Both analyses are on “air-dried” coal. 


Ultimate Proximate 
C 79.9 Moisture 3.2 
H 4.85 FC 69.3 
O 6.76 VCM PAGO) 
s 0.69 Ash 6.5 
N 1.30 
Ash 6.50 


Solution 

Basis: 100 lb coal as analyzed; 21 lb of VCM is present. From the 
proximate analysis it may be seen that the moisture, fixed carbon, and 
ash are not VCM. Therefore, if we subtract these materials from the 
quantities in the ultimate analysis, we shall have left the components 
comprising the 21 lb of VCM. 


Tw 
C: 79.9 — 69.3 = 10.60 50.5 
‘ 2 lb He 
H: 4.85 — (3.2 lb moisture) Perera) = 4,49 21.4 
O: 6.76 — (3.2)(1%8) = 3.92 18.65 
S: = 0.69 3.28 
N = 1.30 6.19 


21.00 100.02 


The heating value of a solid fuel is expressed in Btu/lb. The terms 
‘“oross’’ or “‘higher’’ and ‘‘net’’ or “lower” have the significance explained 
previously for gaseous fuels. 

REFUSE. A furnace normally fails to gasify some of the combustible 
matter if a solid fuel is fired. 

The solid material discharged to waste is called refuse, not ash. The 
term ‘‘ash”’ is reserved for noncombustible matter only. A standard 
industrial furnace carries the fuel on an “endless” chain grate. Experi- 
ence has shown that the refuse is a mixture of ash, ‘‘coked”’ coal (moisture 
and VCM driven off; only FC and ash remain), and dry “‘uncoked”’ (or 
“green”’) coal (moisture driven off; the VCM, FC, and ash remain). 
The loss of VCM occurs quickly and over a very narrow temperature 
range, and rarely does coal with only part of its VCM volatilized fall into 
the refuse. When this does occur, an ultimate analysis of the refuse 
must be made for use in calculations. In this book we shall consider only 
the common case, where combustible loss is due to coked and uncoked 
coal. 

Example 6-3. A furnace is fired with coal containing 6% moisture, 
18% VCM, 67% FC, and 9% ash. The refuse analysis shows 5% VCM, 
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23% FC, and 62% ash. The higher heating value of the coal “as fired”’ 
is 14,300 Btu/lb. Calculate the percentage of the heating value of the 
coal that is lost in the refuse. The moisture in the refuse is due to 
“wetting down” to prevent dusting. It is not moisture from the original 
coal. 

Solution1. The ash isthe key component tying the refuse stream to the 
feed. Pick a basis of a definite weight of coal and calculate the relative 
quantity of refuse by an ash balance. Calculate the amounts of VCM 
and FC lost in the refuse from the refuse quantity and refuse analysis. 

Calculate the higher heating value of the VCM as follows: Pick a basis 
of 1 lb of coal and subtract the heating value of the FC in it [(lb FC) 
(Btu/lb C)] from the HHV. The quantity obtained is the heat gener- 
ated by the VCM. Divide this heat quantity by the pounds of VCM in 
the pound of coal to obtain the higher heating value of VCM in Btu/lb of 
VCM. 

Returning to the original basis, multiply the amounts of FC and VCM 
in the refuse by their respective heating values and add the heat quan- 
tities. The sum, divided by the heating value of the amount of coal 
chosen as a basis, multiplied by 100, is the percentage of the heating value 
of the coal lost in the refuse. 

Basis: 100 |b of coal as fired 


100 lb refuse 
(9 lb ash) Co = 14.51 lb refuse 


0.05 lb VCM 


(14.51 lb refuse) Ge taflie ) = 0.725 lb VCM 


ia si ibirefuse) Anco) = ool lb FC 
lb refuse 
To find HV of VCM: 
Basis: 1 |b of coal as fired 
(0.67 lb FC) (14.850 Ben) = 9750 Btu generated by FC 


14,300 — 9750 = 4550 Btu = HHV of 0.18 lb VCM 


4550 Btu. _ 25,300 Btu 
0.18lb VCM } 1b VCM 


Basis: 100 lb of coal as fired 


ae ee) = 18,320 Btu lost due to VCM loss 


14,550 Btu 
~ Ib FC 








(0.725 lb VCM in refuse) ( 





(3.34 lb FC) ( ) = 48,600 Btu lost due to FC loss 


48,600 + 18 am | 
ac _ 29,2") (100) = 4.68% of heating value lost in refuse 
( (14,300) (100) (100) % of heating 
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Note that the solution is valid only if the nature of the VCM in the refuse 
is the same as it is in the coal and that this is true only if no partially 
coked coal falls through the grate. - 

Solution 2. After calculating the quantity of VCM and FC lost rela- 
tive to a certain amount of coal charged, proceed as follows: 

Calculate the amount of original coal that would contain all the VCM 
in the refuse and label this quantity “green coal’”’ or “‘uncoked coal.” 
From the original coal analysis, calculate the amount of FC in this 
uncoked coal. Subtract the FC in the uncoked coal from the total FC in 
the refuse and label the result ‘‘FC in coked coal in refuse.’”? Multiply 
the amount of green coal by the heating value of green coal and the 
amount of coked-coal FC by the heating value of carbon (14,550 Btu/Ib). 
The sum of the two heat quantities is the total heat loss and may be 
expressed as a percentage of the total heating value of the amount of 
coal charged. 

Basis: 100 lb of coal as fired 


0.725 lb VCM and 3.34 lb FC are in the refuse 


100 lb green coal 
(0.725 lb VCM) ( TA 3 teu ) = 4.03 lb green coal 


67 lb FC ; 
Oe sal) = 2.70 lb FC in green coal 


3.34 — 2.70 = 0.64 lb FC in coked coal 


14,300 Btu 


lb coal 
(0.64 lb FC in coked coal) 14,550 Btu 
lb coal 


= 9330 Btu loss due to coked-coal loss 
) (100) = 4.68% of heating value lost in refuse 





(4.03 lb green coal) ( 


(4.03 lb green coal) ( ) = 57,600 Btu loss due to green-coal loss 





Ge + 9330 
(14,300) (100) 


Note that each method makes the assumption that VCM in refuse is 
identical in nature with VCM in coal. This can be true only if all the 
VCM in the refuse is in uncoked coal. As mentioned previously, an 
ultimate analysis of the coal and refuse would be required if an appreciable 
amount of partially coked coal were in the refuse. Note also that the 
HHV is given for the coal. This is the heating value that is determined 
experimentally; it is therefore the one normally reported by the labora- 
tory. In the improbable event that only the LHV is known, the calcula- 
tions must be modified if the percentage of the LHV lost in refuse is to 
be calculated. Such a calculation is so seldom made that it is not worth- 
while to include the details of it here. 

Flue Gases. Flue, or stack, gases contain COs, CO, Ov, No, and water 
vapor. The oxides of carbon are formed from the fuel’s carbon. All the 
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carbon that burns (either to CO or to CO.) is in the flue gas. The free 
oxygen is air oxygen that has remained uncombined. The nitrogen comes 
from air and from the fuel (from certain gaseous fuels). The water vapor 
is moisture from air and fuel (solid fuels), combined water from solid 
fuels, and water formed by the combustion of net hydrogen. An ideal 
furnace would burn all the combustibles charged (losing none in refuse) 
and would burn them completely (net Hz to H,O, all C to CO:) and would 
require only that amount of air equivalent to the oxygen required to burn 
net hydrogen and to burn carbon to CO2. A real furnace may burn all 
the fuel charged (it usually does if the fuel is a liquid or a gas), but it 
almost invariably fails to achieve complete combustion of the fuel burned. 
In an effort to push the combustion toward completion, extra air is sup- 
plied. It is common practice to relate the air supplied to the air require- 
ment of an ideal furnace by calculating the “‘ per cent excess air’’ based on 
the air requirement of an ideal furnace. The ‘“‘per cent excess oxygen” 
is the same as the per cent excess air. A typical calculation is illustrated 
below. 

Example 6-4. A fuel gas containing 80%m CH, and 20%m C2H, is 
burned with dry air. Sixty per cent of the carbon burned goes to COn, 
the rest going to CO. Fifty per cent excess air is used. Calculate the 
number of moles of each constituent of the wet flue gas produced by com- 
bustion of 100 mole of fuel gas, and also the Orsat analysis of the flue gas. 

Method. Pick a basis of 100 mole of fuel gas and list the number of 
moles of carbon and hydrogen present. Calculate the quantity of oxygen 
necessary to burn all the fuel completely. This is the oxygen required. 
Since 50% of the amount of oxygen required is the amount of excess 
oxygen, 1.5 times the oxygen required is the oxygen supplied. Multiply 
the oxygen supplied by the moles of nitrogen per mole of oxygen (in air) 
to obtain the nitrogen supplied. All the nitrogen supplied will be in the 
flue gas as molecular nitrogen. All the carbon in the fuel charged (also 
called ‘‘fuel fired’’) to the furnace will be in the flue gas since all the fuel is 
burned. Sixty per cent of the carbon will be CO2; 40% will be CO. 
All the hydrogen will be in the flue gas as water vapor. Calculate the 
amount of oxygen actually consumed to burn the carbon and hydrogen, 
Subtract the oxygen consumed from the oxygen supplied to obtain the 
oxygen unconsumed. The COs, CO, H.O, unconsumed Os, and N: are 
the constituents of the flue gas. 

Solution 

Basis: 100 mole of fuel gas. Equations: 


CE + 202.— CO, +- 2H.O 
CoH. + 3.502 a” 2CO2 + 3H:2O0 
C + O» = COz 
H, + O02 — H,0 
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Compound | lbmole | Ibatom C | lbmole H: | lbmole Oz required 


04 5 Are Wes 80 80 ~ 160 160 
CaHg.-- dase 20 40 60 70 


100 120 220 230 





(230 mole Oz required) (1.5) 
79 mole N2\ _ 
(345 mole O2) (Bacess) am 
0.6 mole CO, a) 

(120 mole C burned) (2-6 mele Ops fomped 

120 mole C burned — 72 mole C to COz = 48 mole CO formed 
345 mole O»2 supplied — 72 mole O2 to CO2 — 24 mole O2 to CO 

— 110 mole 0; to H.O = 139 mole O2 unconsumed 


345 mole O2 supplied 
1300 mole N» supplied 


72 mole CO, formed 


FLUE-GAS CONSTITUENTS PER 100 MoLeE or FuEL Gas 











Compound Mole Mole C | Mole H, Mole O, Orsat analysis 

RDG Ants caebie taiyon a va0 72 (2 ae 72 4.62 
SO) Wa sirale sestte 5 tes cP ee 48 48 hae 24 3.08 
OE A PSU ROTI AS 139 ak Lae 139 8.91 
Nstaseletide uy eee 1300 Ly ae oe 83 .39 
EisO stn dis Hide cctuek 220 Be 220 110 

1779 120 220 345 100.00 

— 220 


1559 mole dry flue gas 





Note that the flue-gas analysis, as explained previously, does not 
include the water vapor. Note also that the per cent excess air is based 
on the requirements of an ideal furnace and therefore depends only on 
the relative amounts of fuel charged and air supplied. As long as the 
ratio of air to fuel is constant, the per cent excess air is constant whether 
or not the furnace is burning the fuel well (high percentage of fuel burned; 
high CO, formation) or poorly (refuse losses; high CO formation). 
Therefore a comparison of furnaces on the basis of excess air is not a good 
comparison of efficiency. The real comparison of efficiency is made by 
calculating the percentage of fuel heating value that is not utilized. 
Loss of heating value due to unburned combustible in refuse has been 
discussed. Heat loss in flue gas will be discussed at the end of this 
section. 

Deductions from Orsat Analysis. If the fuel burned contains no nitro- 
gen, three major deductions may be made from the flue-gas analysis 
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alone. The first concerns the amount of air supplied per mole of flue gas. 
All the air nitrogen appears in the gas analysis. N itrogen therefore is 
the key component relating air and flue gas. The second deduction con- 
cerns the amount of hydrogen burned per mole of flue gas. Since water 
vapor does not ‘“‘appear”’ in the Orsat analysis, the air oxygen that reacts 
with hydrogen “disappears.’”’ Therefore calculation of air oxygen sup- 
plied (from nitrogen content) and oxygen present (in CO2, CO, and O,) 
permits determination of oxygen disappearance and of hydrogen burned. 
The third deduction concerns the amount of carbon burned per mole of 
dry flue gas, which may be determined directly from the gas analysis. 
Carbon burned is the key component tying the fuel and flue gas together. 

Example 6-5. The analysis of a flue gas from a fuel gas containing no 
nitrogen is 4.62 % COz, 3.08% CO, 8.91% Os, and 83.39% Ne. Calculate 
the following: 

a. Moles of dry air supplied per mole of dry flue gas 

b. Per cent excess air if all the fuel is burned 

c. The amount of net hydrogen burned per mole of dry flue gas 

d. Pounds of fuel burned per mole of dry flue gas 

e. The analysis of the fuel gas, which is a mixture of CH, and C.H, 

Method. Pick a basis of 100 mole of dry flue gas. Calculate the air 
equivalent to the nitrogen. Calculate part a. Add the oxygen in COx, 
CO, and O2. The sum is the oxygen appearing in the flue gas. Subtract 
the oxygen appearing from the oxygen supplied to obtain the oxygen that 
burned net hydrogen. Calculate part c. Calculate the oxygen required 
for ideal combustion of the carbon and add to the oxygen burning net 
hydrogen. The sum is the oxygen requirement of an idealfurnace. Sub- 
tract it from the oxygen supplied to obtain excess oxygen. Calculate 
part b. Calculate the pounds of carbon and hydrogen burned. Calculate 
part d. Write a carbon balance and a hydrogen balance for the fuel gas 
and calculate part e. 

Solution 

Basis: 100 mole of dry flue gas 





Compound Mole Mole C | Mole O2 


COM. 38 4.62 4.62 4.6 
OMS ee ae 3.08 3.08 1.54 
Osa dat iistzs 8.91 xi 8.91 
IN 5c seas 83.39 





100 .00 7.70 15.07 





100 mole dry air 
79 mole N2 





(83.39 mole N2) ( ) = 105.5 mole air supplied 
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a. 1.055 mole air supplied per mole dry flue gas 
105.5 — 83.39 = 22.11 mole O2 supplied ; 
22.11 — 15.07 mole O, appearing = 7.04 mole O2 disappearing 
(2)(7.04) = 14.08 mole net Hz burned 

c. 0.1408 mole net H, burned per mole of dry flue gas 

7.70 mole O2 required for C + 7.04 mole O: required for H2 
= 14.74 mole O2 required for ideal furnace 

22.11 mole O2 supplied — 14.74 mole O2 required = 7.37 mole O: excess 


b ( 7.37 mole O»2 excess 


Se ee Se — ir 
14.74 mole O2 excess.) (100) = 50% excess al 


12 lb C 
mole C 


(14.08 mole H: burned) C vs a = 28.16 lb H burned 
mole He 
92.4 + 28.2 = 120.6 lb fuel burned 


d. 1.206 lb fuel burned per mole dry flue gas 
e. Let X = mole of CH, in fuel gas 





(7.70 mole C burned) ( ) = 92.4 lb C burned 





Y = mole of C2H, in fuel gas 
Then, X + 2Y = 7.70 mole C in fuel gas 
2X + 3Y = 14.08 mole H: in fuel gas 
X = 5.06 79.3%m CHa 
Y = 1.32 20.7 %m C2H. 
Total = 6.38 


Compare the last two illustrations. 

Certain fuel gases contain appreciable nitrogen. In order to make 
deductions from the flue-gas analysis when such a fuel is burned, it is 
necessary to know the nitrogen-carbon ratio in the fuel. A fuel-gas 
analysis will give this figure. Then the fuel nitrogen in a particular 
quantity of flue gas may be calculated and subtracted from the total 
nitrogen to obtain air nitrogen. 

Heat Losses in Flue Gases. In making a heat balance around a fur- 
nace, the same datum plane must be taken for each stream. Since the 
heating value of the coal is based on a datum of 60°F, HO in the liquid 
state, this is the datum normally chosen for all streams. The refuse 
heat loss should include sensible heat of all refuse above 60°F as well as 
loss of potential heat due to loss of combustibles, but the sensible-heat 
loss may be neglected because the total weight of material in the refuse is 
relatively small. Heat losses in the flue gas are of three “kinds.” 
Sensible heat is lost because the gas leaves at an elevated temperature; 
potential heat of combustion is lost because the gas contains carbon 
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monoxide; and latent heat is lost because the gas contains water vapor. 
An adequate method for computing the total heat loss due to the flue 
gas is outlined below. 

Example 6-6. The flue gas of Example 6-5 leaves at 700°F and 1 atm. 
The air supplied to the furnace was dry. Calculate the amount of heat 
lost per 100 mole of dry flue gas. 

Solution 


Heat loss = heat of combustion of CO + sensible heat loss in all gases 
+ latent heat loss in water vapor 


Basis: 100 mole of dry flue gas. Datum 60°F, H.0O liquid. 


68,000 oa) ie Btu/Ibmole 
gmole cal/gmole 
= 377,000 Btu loss due to CO 


The latent heat of vaporization of water at 60°F = 1060 Btu/lb. 


18 Ib H.0\ (1060 Btu 
(14.08 mole water vapor) (eas) Ce) 


= 268,000 Btu loss due to latent heat in H.O 


(3.08 mole CO) ( 


SENSIBLE-HEAT LOSSES ABOVE 60°F 





Mean C, between 0°F Buk 


Gas Mole 2 rt Btu 
and 700 F, Btu/(mole) (F ) Gacle) (es) oe? 


COE siea. 4.62 10.15 46.8 





COP): 3.08 G12 21.9 
Ose 8.91 7.32 65.2 
Wis aree Ade 83.39 7.09 591 
s(n ee 14.08 8.30 116.8 
114.08 841.7 
otal cenaible heat loas!= 2 (700 — 60) F° = 438,000 Btu 





1,183,000 Btu 
100 mole dry flue gas 





Heat loss = 377,000 + 538,000 + 268,000 = 


Note that the total heat content of the water vapor above liquid water 
at 60°F was calculated by adding the latent heat of vaporization at 60°F 
to the sensible heat necessary to heat the vapor from 60°F to 700°F. 
This method gives the heat content of water vapor at 700°F and at a 
pressure corresponding to the vapor pressure of water at 60°F. The 
partial pressure of the water vapor in flue gases is sufficiently close to this 
pressure that no significant error is introduced by the method. To 
check this, calculate the partial pressure of the water vapor in the flue 
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gas in Example 6-6, and from Appendix E determine the saturation tem- 
perature and latent heat of vaporization at this pressure. Then calcu- 
late the heat required to bring liquid water from 60°F to the saturation 
temperature (corresponding to the actual partial pressure of the water 
vapor), the heat required to vaporize the water at the saturation tem- 
perature, and the heat required to raise the vapor to the flue-gas tem- 
perature. The sum of these heat quantities is equal (within slide-rule 
accuracy) to the total heat content of the water vapor calculated in the 
example. 

Comprehensive Problems. The following problems illustrate the 
application of the methods thus far discussed to the solution of compre- 
hensive furnace problems. 

Example 6-7. Coal is charged to a furnace at the rate of 1200 lb/hr. 
Analysis of the coal and flue gas shows the following: 


Proximate Ultimate (in part) Stack gas 


Moisture 1.44%w C 78.76%w CO. 10.8%v 
VCM 34.61 %w S 0.78 %w CO 0.2%v 
FC 57.77 %w N 1.30%w Oz 9.0%v 
Ash 6.18%w Ash 6.18%w N2 80.0%v 


100.00 





The dry refuse contains 4%w VCM, 21%w FC, 75%w ash. Air supplied 
is at 70°F, 65% saturated. The vapor pressure of water at 70°F is 
0.41 psia. Barometer = 29.7 in. Hg. Pressure at the entrance to the 
stack is 0.5.in. H.O0. Calculate the following: 

a. Complete ultimate analysis of the coal 

b. Per cent excess air 

c. Cubic feet of air per minute 

d. Cubic feet of flue gas at 1000°F to stack per minute 

Method. First draw a diagram and note all data. 





1000 °F 
Barometer J 297" Hg FG 0.5" H,0 draft 
Air 70 °F, 65 % saturated CO, 10.8 “ov 
co 0.2 
0, 9.0 
binds 
100.0 
1200 Ib coal/hr 
Proximate Ultimate Refuse 
Moisture 1.44 %w Ci 786 Moisture 0.0 % 
VCM 34.61 S 0.78 VCM 40 . 
rG a RET N 1.30 FC 21.0 
Ash 6.18 Ash 6.18 Ash 75.0 








100.00 87.02 100.0 
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Pick a basis of 100 lb of coal. Calculate the equivalent quantity 
of refuse by an ash balance. Calculate the %w C in the VCM from 
the data of the proximate and ultimate analyses. Calculate the car- 
bon lost in the refuse and then the moles of carbon burned. The carbon 
burned is the key component relating the coal and flue gas. Compute 
the amount (poundmoles) of dry flue gas from the carbon burned and 
the gas analysis. From oxygen disappearance, calculate the amount 
of net hydrogen burned. The percentage of total net hydrogen lost 
in the refuse is equal to the percentage of VCM lost. Calculate this 
quantity from the amounts of VCM in the fuel and refuse, and then 
compute the total net hydrogen in the fuel. The items missing in the 
ultimate analysis are hydrogen and oxygen. Their combined weight 
may be determined by difference. It is the weight of net hydrogen, 
combined water, and moisture. Since the amount of net hydrogen is 
now known, the total water may be determined, and then the ultimate 
analysis may be expressed as %w of C, H, N, O,S, and ash. (Answer 
to a.) 

Calculate ‘oxygen required”? from the ultimate analysis. By a 
nitrogen balance, determine the moles of oxygen and dry air supplied. 
Calculate the per cent excess air. (Answer to b.) Compute the volume 
of the dry air supplied at 70°F and the partial pressure of dry air. This 
is the volume of wet air supplied at 70°F and barometric pressure, per 
100 lb of coal. Calculate the cubic feet of wet air per minute. (Answer 
to c.) 

The number of moles of dry flue gasisknown. The water in it because 
of combustion of net hydrogen is known. Calculate the moles of water 
entering with air. Calculate the moles of combined water volatilized. 
(Remember that % VCM lost = % combined H,0 lost.) Add the moles 
of ‘‘moisture’’ to the items above to find the total moles of wet flue gas, 
and compute its volume at 1000°F and 0.5 in. H.O draft. (Answer to d.) 

Solution 

Basis: 100 |b of coal as fired 


Amount of refuse: 


100 lb refuse 


ee) = '8.25 lb refuse 


(6.18 lb ash) ( 
%w C in VCM: 


78.76 lb C in coal — 57.77 lb FC in coal = 20.99 lb C in VCM 


20.99 lb C in VCM in eee) 
ome .VGCM in coal — = 60.6 Cin VCM 
( See VOM iss ee ee 
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Mole C burned: 
4 lb VOM \( 60.6 lb C ) 


100 lb refuse/ \100 lb VCM 
= 0.20 lb C in VCM in refuse 


(8.25 lb refuse) ( 


21 lb FC . 
seis} = 1.73 lb FC in refuse 


1.73 + 0.20 = 1.93 lb C lost in refuse 
78.76 lb C fired — 1.93 lb C lost = 76.83 lb C burned 


(76.83 Ib C) Cree 


(8.25 lb refuse) ( 


) = 6.38 mole C burned 


Mole DFG (dry flue gas): 


100 mole DFG 


(6.38 mole C burned) (aosro mec 


) = 58.1 mole DFG 


Mole net H:2 burned: 





Compound %v Mole Mole C Mole O2 
i: F eens sap 10.8 6.26 | 6.26 6.26 
CORR 0.2 0.12 0.12 0.06 
he chs ee. eet 9.0 5.23 5.23 
N; 80.0 46.49 





58.10 | 6.38 < (check) 11655 


(46.49 mole N2) Coad = 12.35 mole O2 supplied 


12.35 — 11.55 = 0.80 mole O2 disappear 
=~ 1.6 mole net Hz burned 
Pounds net H; in fuel: 


4 lb VCM 
(8.25 lb refuse) Ga 


0.33 lb VCM in refuse 
(ae earn refuse) (100) = 0.953% of VCM lost 


= % of net He lost = % of combined H,0O lost 
100 — 0.953 = 99.048% of net Hz burned 


(1.6 mole net Hs burned) ( 27> a) fee teat hy 


) = 0.33 lb VCM in refuse 


mole H2/ \0.9905 lb net H» burned 
= 3.23 lb net He in coal 
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a. Complete ultimate analysis of the coal 
lb Hz + lb O2 in coal = 100 — (78.76 lb C + 0.78 lb S + 1.30 lb Nz 
+ 6.18 lb ash) = 12.98 lb (net H2 + moisture + combined H2Q) 
12.98 lb — 3.23 = 9.75 lb total H:O 


2lbH : : 
(9.75 lb H2O) Gan) = 1.08 lb He in moisture and combined H,O 


9.75 — 1.08 = 8.67 lb O2 in moisture and combined H.O 
1.08 + 3.23 = 4.31 lb total H; 
The ultimate analysis is 
78.76%w C, 4.31%w H, 8.67%w O, 1.30% N, 0.78% 8, 6.18% ash 
Oxygen required for ideal combustion (sometimes called “theoretical 


oxygen’’): 
1 mole C\ /1 mole O ¢ 
(78.76 lb C) ( 12 lb G ) (; oars 2) = 6.56 mole O2 required by C 


1 mole H2\ /1 mole O, 
(3.23 Ib net Hz) ( 2 1b He ) ¢ mole mn) 


= 0.808 mole O» required by net He 
6.56 + 0.81 = 7.37 mole O: required 


b. Per cent excess air 
21 mole O2 suns 














79 mole N2 = 12.35 mole O2 supplied 


12.35 — 7.37 = 4.98 mole excess O2 
( 4.98 mole excess O2 
7.37 mole O2 required 
c. Cubic feet of air per minute 
46.49 mole N2 + 12.35 mole O2 = 58.84 mole dry air supplied 
Partial pressure of water vapor 
= (vapor pressure of water) (% saturation) 
Partial pressure H,O = (0.65)(0.41 psia) = 0.2665 psia 
(0.2665 psia) (7230-8) = 0.542 in. Hg 


297 in. Hg total pressure — 0.542 in. Hg partial pressure H,0 
= 29.2 in. Hg partial pressure of dry air 


_. (359 ft®\ | (29.9 in. Hg\ (530°R\ _ : 
| (8.84 mole dry air) ( fale )| (3 omy a) (Gon) = 23,300 ft 


23,300 ft* of dry air at 70°F and 29.2 in. Hg: 
23,300 ft? of wet air at 70°F and 29.7 in. Hg per 100 lb coal: 


23,300 ft* of wet air \ (1200 lb eae) ( hr ) 
100 lb coal hr 60 min 


= 4660 ft? wet air supplied/min 


(46.49 mole N2) ( 





) (100) = 67.6% excess air 
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d. Cubic feet flue gas per minute 


Mole DFG = 58.1 mole 
Mole H.O from net H2 combustion = 1.6 mole 


1 mole H.O 
Mole H.O from moisture in coal = (1.44 lb HO) (ime Ee) 


= 0.08 mole 
Mole H.O from combined H,O: 


9.75 lb total H.O — 1.44 lb moisture = 8.31 lb combined HO 


- 0.9905 lb combined H.O menos 
(8.31 lb combined H20 charged) ( ip eambineltH 0 chatend 


= 8.23 lb combined H,O vaporized 


1 mole Tee 
18 lb H2O 
= 0.457 mole combined H.0O in flue gas 





(8.23 lb combined H2O) ( 


Mole H;O from air: 


: 0.542 mole H.0 \ _ . 
(58.84 mole dry air) (258 mole He ) = 1.09 mole HO from air 


58.1 mole DFG + 1.6 mole H2O from net Hz. + 0.08 mole moisture 
+ 0.457 mole combined H:O + 1.09 mole H;,O from air 
= 61.33 mole WFG 


@e mole ure) (7 lb = ( hr ) _ 12.25 mole WFG 











100 lb coal hr 60 min min 
1 in. Hg 


) = 0.037 in. Hg draft ~ 0.04 in. Hg 
Pressure at entrance to stack = 29.7 — 0.04 = 29.66 in. Hg absolute 
(2 mole flue as?) 359 ft? 29.9 in. Hg \ /1460°R 

min mole 29.66 in. Hg/ \ 492°R 


_ 18,160 ft* flue gas 
min 








The statement of the method of solution presented above is intended 
to be as straightforward as possible in the verbal sense. It is verbally 
convenient to stay on one basis throughout the problem but it is mathe- 
matically convenient to shift bases for certain parts of the calculations. 
Therefore the verbal solutions of succeeding problems will indicate the 
changing of basis whenever it is mathematically desirable to do so. 

Example 6-8. A steam boiler is fired with a coal having the following 
analyses: 
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Ultimate Proximate 
C 60 %w FC 40 %w 
H 14 VCM 41 
O 16 Moisture 9 
N 0 Ash 10 
Ss 0 
Ash 10 


Seventeen thousand eight hundred and sixty cubic feet of wet air is sup- 
plied per 100 lb of coal fired. The wet air is at 750 mm Hg, 60°F, and 
the water vapor in it exerts a partial pressure of 10 mm Hg. 

The dry refuse from this furnace contains 11.2% FC, 9.3% VCM, and 
79.5% ash. Because of poor operation, only 80% of the carbon burned 
forms CQ:; the rest forms CO. 


Calculate the following: 

a. Per cent excess air 

b. The Orsat analysis of the flue gas 

c. The partial pressure of water vapor in the wet flue gas, if the total 
pressure is 750 mm Hg 

d. An over-all material balance, in pounds 

Method. First draw a diagram and indicate known quantities: 


80% of C gasified goes to CO, 








17,860 ft wet air 
P=750, f=60 °F =520 °R, 
PH,0 = 10mm Hg 






100 Ib coal 


Ultimate Proximate 

C 60 %w FC 40 %w Refuse 

H 14 VCM 41 FC 11.2 Yow 
O 16 Moisture 9 VCM 93 

N (0) Ash 10 Ash 795 
SO 

Ash 10 


Basis: 100 lb coal fired. Calculate the moles of oxygen required to 
burn completely all the combustible fired. Calculate the oxygen (and 
nitrogen) supplied and then the per cent excess air (part a). By an ash 
balance determine the FC and VCM lost. Calculate the percentage of 
carbon in the VCM from the coal analyses, and then the carbon lost in 
the VCM. Since the total amount of carbon fired is known, the carbon 
gasified can be determined. Eighty per cent of it forms CO2 and the 
rest forms CO. From the ultimate analysis of the coal, calculate the 


236 STOICHIOMETRY FOR CHEMICAL ENGINEERS 


hydrogen equivalent to oxygen and then the net hydrogen. The fraction 
of net hydrogen burned is the same as the fraction of VCM burned, and 
therefore the oxygen consumed by the net hydrogen may be computed. 
Subtract the oxygen in CO, and CO, plus that combined with net hydro- 
gen, from the oxygen supplied to determine the amount of unconsumed 
oxygen in the flue gas. The amount of nitrogen supplied was computed 
in part a. Compute the analysis of the dry flue gas (part b). 

Determine the amount of water entering with the wet air. Compute 
the combined water in the coal from the two coal analyses. The fraction 
of combined water gasified is the same as the fraction of the VCM 
gasified. All the coal moisture is gasified. Add the water quantities 
and calculate the partial pressure of the water in the wet flue gas (part 
c). Calculate the weights of entering and leaving streams and write the 
over-all material balance (part d). 

Solution 

a. Per cent excess air 

Basis: 100 lb coal fired 

















Compound lb Mole Mole O:2 required 
C 60 5 5 
Hate 14 ff 3.5 
Os. ca tae 16 0.5 —0.5 
Ash.. 10 
100 8 mole O: required 








, 740\ (492 mole dry air 
17,860 ft? cay ff Restore y 
[ , ae (7) A) & ft® dry =) 


= 45.8 mole dry air supplied 


0.21 mole O : 
ed) = 9.62 mole O2 supplied 


45.8 — 9.6 = 36.2 mole Ne supplied 
9.62 — 8.0 = 1.62 mole QO; in excess 


) (100) = 20.3% excess air (part a) 


(45.8 mole dry air) ( 





Gz mole O, excess 
8 mole O» required 


b. The Orsat analysis of the flue gas 


0.112 lb FC lost 
0.795 lb ash 


0.093 lb VCM lost 
(10 lb ash) (2098 2 VOM lost) = 1.169 lb VCM lost in refuse 





(10 Ib ash) ( ) = 1.410 lb FC lost in refuse 
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20 Ib C ) 
41 lb VOM 
= 0.571 lb C lost in VCM (from coal analyses) 
1.410 + 0.571 = 1.981 lb C lost in refuse 
60 lb C fired — 1.981 = 58.02 lb C gasified ~ 4.84 mole 


0.2 mole C —> CO 
(4.84 mole C) (C2mee C3) = 0.968 mole CO formed 


4.84 — 0.97 = 3.87 mole CO; formed 
4 2 lb He 
(16 lb O2 in 100 lb coal) (Gee) 
= 2 lb Hz in moisture and combined water 
14 lb total H. — 2 lb H2 = 12 lb net H, 
1.169 lb VCM lost 
(12 lb net He charged) Goer) 
= 0.342 lb net Hz, lost in refuse 
12 — 0.34 = 11.66 lb net He burned ~ 5.83 mole net H. burned 
Oxygen consumed = O; to form CO + O:2 to form CO:2 + O: to form 
Aa 0.5 mole O2 1 mole O2 
0.5 mole O2 
mole He 


(1.169 Ib VCM) ( 


) = 0.484 + 3.87 + 2.91 


= 7.26 mole O2 consumed 


9.62 mole O»2 supplied — 7.26 mole O2 consumed 
= 2.36 mole O2 unconsumed 


+ (5.83 mole H.) ( 


Dry flue gas/100 lb coal 


Compound 





(part b) 





C. Duo in wet flue gas 





, 100 mole dry air 10 mole H,O 
(9.62 mole O2 supplied) 21 mole O2 740 mole dry air 
= 0.619 mole H;O in wet air 


16 lb O2 in combined H.O and moisture . 
=~ 18 lb total HO therefore, 9 lb combined HO 


238 STOICHIOMETRY FOR CHEMICAL ENGINEERS 


6.0 mole H.O equivalent to net H2 + 0.5 mole combined HO 
= 6.5 mole H,0 possible from net Hz and combined H:0 in VCM 
(6.5 mole equivalent H.O) (Ee eer) 
= 0.1852 mole equivalent H2O lost 
6.5 — 0.185 = 6.31 mole H,O in flue gas from net He 
and combined H.O gasified 
9 lb moisture ~ 0.5 mole moisture gasified 
Total H.O in flue gas = water in air + moisture in coal 
+ water equivalent to net H, and combined H.0O gasified 
= 0.619 mole HO + 0.5 mole HO + 6.31 mole H:0 
= 7.43 mole H2O in wet flue gas 
43.40 mole dry flue gas (see b) + 7.43 mole H20 = 50.83 mole wet flue gas 


7.43 mm H,0 ? 
eS) (ssa mole wet flue =) ea tiagh ete a 


Pu,o is 109.7 mm Hg (part c). 
d. Over-all material balance 
Basis: 100 |b of coal as fired 


Weight of wet air: 


.. {28.9 lb dry air\ _ 
(45.8 mole dry air) (729 oy si) = 1324 lb 
18 lb H,O\ _ 11.12 Ib 
(0.619 mole H:0) (Bm ae ae) = 7335 Ib 


Weight of refuse: 


1.410 lb FC + 1.169 lb VCM + 10 lb ash = 12.58 Ib 
Weight of flue gas: 








Material balance: 


In Out 
100 lb coal + 1335 Ib wet air = 13 Ib refuse + 1420 lb wet flue gas 
1435 = 1433 


This is an unusually close check. Discrepancies of about 2% are not 
uncommon in such balances. The discrepancy is usually caused by the 


Il 
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fact that the oxygen content of the coal is determined by difference so 
that any errors in the various parts of the coal analysis result in an 
erroneous figure for the oxygen. 

Example 6-9. The coal of Example 6-8 has a heating value of 16,000 
Btu/lb. The flue gases leave at 496°F. Feedwater to the steam boiler 
is at 102°F. The steam produced is at 150 psig and saturated. Nine 
hundred and thirty-nine pounds of steam are produced per 100 lb of coal. 
Calculate the following: 

a. The percentage of the heating value of the coal lost because of 
unburned combustible in the refuse 

b. The percentage of the heating value of the coal lost because of 
unburned combustible in the flue gases 

c. The percentage of the heating value of the coal lost because of 
sensible and latent heat in the flue gases 

d. The percentage of the heating value of the coal which goes to raise 
steam 

e. A complete over-all heat balance 

f. The percentage of the heating value of the coal lost through radia- 
tion and unaccounted-for losses 

Solution 
Take as a datum 60°F, water in the liquid state. First draw a diagram 
indicating the material-balance results of Example 6-8. 










CO, 3.87 mole (44) = 1700 Ib 
CO 0.968 mole (28) = 27.1 
Op 2.36 mole (32) = 75.5 
N, 36.2 mole (28) = 1014.0 
Hp0 7.43 mole (18) = 1337 
458 mole bda (28.9)=1324 Ib (420 
0.619 mole H,0 (18) =_ 11.12 
1335 





Furnace 





{00 !b coal 


1.410 Ib FC 
1.169 Ib VCM 
10. Ib ash 


12.58 





a. Heating value lost in refuse: HV of VCM 
Rasis: 1 |b of coal 


(0.4 Ib C)(14,550) = 5820 Btu from C 


10,180 Btu 
16,000 — 5820 = O41 1b VCM 
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10,180 _ 24,800 Btu 
Therefore, 041 ~ IbVGM 
(1.410 lb C)(14,550) = 20,500 
(1.169 lb VCM) (24,800) = 29,000 
Ae 49,500 Btu total loss 
(49,500) ‘ty 
(16,000)(100) ~ 3.10% loss 


b. Heating value lost because of CO loss 
(0.968 mole CO) ($8:000 =) (eae = 118,500 Btu 


gmole (lbmole) (cal) 
(118,500) (100) _ 
(16,000) (100) — 7.40% loss 


c. Heating value lost because of sensible and latent heat in flue gases 


Sensible heat: 





Mean C, between 0°F 


Compound ce and 496°F; Btu/(mole)(F°) Btu/F 
CO; 3.87 9.72 he 
CO er nee 0.968 “e0e 17.00 
Osea Nine 2.36 C220 254 00 
Nig has aaa 36.2 7.03 60.8 
HO ea eo 7.43 8.19 : 

BY ew 


(376.2) (22) (496 — 60)(F°) = 163,800 Btu 


Latent heat: 
(7.43 mole H.O) ( 





18 lb so) on a) — 142,000 Btu 


mole H.O lb HO 
163,800 + 142,000 = 305,800 Btu 
(305,800)(100) _ 
(16,000) (100) ~ 19.1% loss 
d. Heat which goes to raise steam 
From Appendix C, 
Heat in feedwater (102°F) above H.O at 32°F = a 
Heat in saturated steam at 150 psig above H.O at 32°F = neo Bw 


Heat added/Ilb steam = 1195.5 — 70 = 1125.5 Btu 


(0291b steam) (ee a) = 1,057,000 Btu 


(1,057,000) (100) 
(16,000) (100) 








= 66% 
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e. Over-all heat balance 
Basis: 100 |b coal 


Heat in, in coal: 


Since the coal is fired at room temperature, its sensible heat may be 
neglected. The adsorbed moisture on the coal is, for practical purposes, 
at the datum plane also. Therefore the only heat input in the coal 
stream is potential heat. 


16,000 Btu 


(100 lb coal) ( iSianal ) = 1,600,000 Btu 


Heat in, in air: 
The air is supplied at 60°F; therefore the sensible heat in the dry air 


and water vapor is zero. 
The latent heat supplied in water vapor is 


18 lb =) ae Btu 


(0.619 mole water vapor) (Beas Tb HO 


) = 11,810 Btu 
Heat in, in feedwater: 


1 Btu 5 
(939 Ib H.0) (es) (102 = 60) (F ) = 39,400 Btu 
Heat out, in refuse: 
The quantity of refuse is so small that its sensible-heat content may 
be neglected. 
The loss in refuse is potential heat and, as already shown, amounts to 
49,500 Btu. 


Heat out, in flue gases: As shown in parts b and c, 
118,500 Btu + 305,800 Btu = 424,300 Btu 


Heat out, in steam: From Appendix E, 





Heat in HzO at 60°F above HO at 32°F = a 
° 1195.5 Bt 
Heat in saturated steam at 150 psig above HO at 32°F = —— 


Heat in steam above H2O at 60°F = 1195.5 — 28 = 1167.5 
(939 lb steam) (1167.5) = 1,095,000 Btu 


Over-all balance: 


In 
1,600,000 + 11,810 + 39,400 
Out 
= 49,500 + 424,300 + 1,095,000 + radiation 
and unaccounted-for losses 
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f. The percentage of the heating value of the coal lost through radiation 
and unaccounted-for losses 


Radiation and unaccounted-for losses = 82,410 Btu 


(82,410)(100) _ 
(16,000)(100) ~ 71°” 


The following diagram indicates the heat quantities: 


Radiation and unaccounted 
losses = 82,410 Btu 


Furnace 


Steam 
Sensible and latent heat = 1,095,000 Btu 







Water 
Sensible heat = 39,400 Btu 





Flue gas 


Sensible heat of wet flue gas = 163,800 Btu 
Latent heat of water vapor = 142,000 Btu 
Potential heat of combustion of CO=118,500 Btu 


Total = 424,300 Btu 






Coal 


Heat of combustion = 1,600,000 Btu 
Sensible heat = O 


Air Refuse 


Sensible heat of wet air =O Potential heat of combustibles= 49,500 Btu 
Latent heat of water vapor = 11,810 Btu Sensible heat = O 


Most industrial furnaces are used to raise steam. There are, therefore, 
many designs for “boilers” in which the primary concern is for efficient 
transfer of heat from the flue gases to boiling water. The over-all 
efficiency of such a plant may be expressed as the percentage of the heat- 
ing value of the fuel that goes into the feedwater in order to form the 
steam. This efficiency depends on the design and size of the furnace, 
on the care taken in operating it, and on the type and quality of fuel used. 
The efficiency of industrial units varies from about 70 to about 85%. 
Most of the heat which is lost is lost as sensible heat in the flue gases. 


OXIDATION OF SULFUR AND SULFUR COMPOUNDS 


Oxidation of Sulfur. Sulfur and sulfide ores are burned with air in 
specially constructed furnaces in order to make sulfur dioxide and sulfur 
trioxide. 

When sulfur is burned, the following reactions occur: 


S + 0:— SO, 


Normally only a few per cent of the sulfur charged to the burner is oxi- 
dized to SO3. The stoichiometric relationships may be illustrated as 
follows: 

Example 6-10. Five hundred pounds per hour of pure sulfur is burned 
with 20% excess air (based on conversion to SO2). Five per cent of the 
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sulfur is oxidized to SO; and 95% to SO». The air is dry. Calculate the 
composition (in %m) of the gas leaving the burner. 





Solution 
Basis: 1 hr 
(500 Ib 8) (ae) = 15.62 mole § 
(15.62 mole 8) (ee creoorucelly conuired 
mole § 


1.2 mole Oz supplied 
(rae ones Os supplied = 18.75 mole Os supplied 





; 79 mole Ne supplied 
18.75 mol SSEEP = 
( mole O2 supplied) @ minlael anny pl ‘) 70.60 mole N2 


0.05 mole § 
(15.62 mole S) (2.05 mole £0, formed) = 0.781 mole SO; formed 
15.62 mole S — 0.781 mole S in SO; = 14.84 mole SO, 


1 mole O2 consumed 
14.84 le S is ASR an IO te ees 
( ogee: ( mole SO, ) 


= 14.84 mole O2 consumed for SO, 
(0.781 mole SO;) (= mole O, consumed) 
mole SO; 
= 1.171 mole O2 consumed for SO; 
14.48 + 1.171 = 16.01 mole O, consumed for S combustion 
18.75 mole O2 supplied — 16.01 mole O2 consumed 
= 2.74 mole O2 unconsumed 


Compound Mole Composition in mole % 
Bee oe tee 14.84 16.70 
SO. ae 0.781 0.88 
Ost re ees 2.74 3.08 
IN goede ete 70.60 79.40 
88 .96 100.06 


Analysis of Combustion Gases. Gases from the combustion of sulfur 
or sulfide ores are analyzed by the Orsat method. A sample is collected 
over mercury, a drop of water being placed on the mercury to ensure 
saturation of the gas sample with water vapor. (If the sample were only 
partly saturated with water vapor, the conclusion that the Orsat analysis 
is on a dry basis would not hold.) The water effectively removes SOs. 

The Orsat analysis of the gas formed in Example 6-10 would be calcu- 
lated as follows: 
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The gas analysis does not measure the total composition of the dry 
combustion gases because SO; is undetermined. However, the amount 
of SO; formed may be calculated from the analysis because the ratio of 
oxygen to nitrogen found by gas analysis differs from the ratio in the air 
supplied by the amount of oxygen converted to SO; per mole of nitrogen. 
In the case of a sulfur burner or a sulfur dioxide converter all the SO; 
formed leaves with the other gases. When sulfur compounds are burned, 
SO; is often discharged with the refuse (adsorbed), and a refuse analysis is 
required when burner-gas composition is to be calculated. The compo- 
sition of the dry combustion gases of Example 6-10 would be calculated 
from the gas analysis like this: 

Basis: 100 mole of SO;-free gas 





Compound Mole 
SOz 16.85 
O2 3.11 
Ne 80.04 
100.00 


21 mole O, 


(80.04 mole N» supplied) (F mae = 21.25 mole O: supplied 


16.85 mole O2 in SOz + 3.11 mole O2 = 19.96 mole Oz “appearing” 
21.25 — 19.96 = 1.29 mole O; disappeared 


Therefore, 1.29 mole Oz has been converted to SOs. 


1 mole SO3\ _ 
rps S01) = 0.86 mole SO; formed 


The composition of the dry gases is therefore as follows: 


(1.29 mole Oz) ( 
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The accuracy of the values determined by this method depends on the 
percentage conversion of the sulfur to SO;. Since oxygen disappearance 
is the small difference between two large numbers when little SO; is 
formed, results can be inexact in such a case. (Compare with the com- 
position calculated in Example 6-10.) 

When SO; is desired (for instance, for sulfuric acid manufacture), 
the burner gases are fed to catalyst chambers where the dioxide is con- 
verted to the trioxide. Oxygen disappearance is again the clue to SO; 
production, but sulfur disappearance also occurs and can be calculated 
as a check. Examine the solution to the following example. 

Example 6-11. The gases from a sulfur-compound burner have the 
following analysis: 9.86% SO:, 8.54% Oo, 81.60% Neo. After passage of 
the gases through a catalytic converter, the analysis is 0.605% SO, 
4.50% Ox, and 94.9% No. 

What percentage of the SO. entering the converter has been oxidized 
to SO;? 

Solution 

Basis: 100 mole of entering SO;-free DBG (dry burner gas). (The 
analysis is on this basis.) 


SO. + 402— SOs; 
(81.60 mole N» entering and leaving) 
ce mole SO;-free DCG (dry converter gas) 


94.9 mole N>» leaving 
= 86.0 mole SO;-free DCG leaving 








8.54 mole uncombined QO, enters but only 3.87 mole leaves 
8.54 — 3.87 = 4.67 mole of O» reacting with SOs 


1 mole SO; formed from SO2\ _ 
(4.67 mole Oz) (+ 2sole 80: formed from 80+) = 9.34 mole SO; formed 
Check: 


Mole § per 100 mole SO;-free DBG = 9.86 
Mole S per equivalent mole leaving SO;-free DCG = 0.52 
9.86 — 0.52 = 9.34 mole SO; formed 


9.34 mole SO; formed ; 
aaa = ted toSO 
(23 mole SOz formed ) (100) = 94.6% of entering SO2 converted to SOs 





246 STOICHIOMETRY FOR CHEMICAL ENGINEERS 


Note: The analyses give us the proportions of materials but not the 
quantities. In order to determine oxygen disappearance or sulfur dis- 
appearance, a basis must be chosen. Since all the entering nitrogen 
leaves, a nitrogen balance is used to determine what quantity of leaving 
gas is equivalent (because it contains the same amount of nitrogen) to 
the 100 mole of entering gas chosen as the basis of calculations. A dif- 
ferent basis might be chosen (such as 100 mole of leaving SO;-free DCG 
gas), but the nitrogen balance would still be necessary to relate the 
quantities. 

The total composition of the DCG or DBG cannot be calculated from 
the information given. It would be necessary to state the distribution 
of SO; between refuse and DBG if total compositions were requested. 

Oxidation of Sulfide Ores. Iron pyrites (pronounced “ pie-rye-tease”’) 
is the sulfide ore most commonly burned for sulfur dioxide manufacture. 
It contains iron sulfide (FeS2), small amounts of other metallic sulfides, 
and appreciable amounts of totally incombustible materials. The 
incombustibles are reported as ‘“‘gangue”’ in the analysis. The primary 
considerations and techniques for sulfide-ore-burner calculations may be 
shown by means of examples based on ores containing only FeS: and 
gangue. ‘The principal reactions are 


4FeS, ae 110, —> 2¥Fe.0; + 8SO.2 
4FeS, + 150, a> 2Fe.0; == 8SO; 


Loss of Sulfur in the Refuse. All the gangue and iron are in the refuse. 
The iron is chiefly the trivalent oxide (Fe20;). Some unburned FeS, 
may be present, and a small amount of the divalent oxide is possible. 
This latter is small enough to be neglected in a well-operated furnace. It 
can be determined by analysis if necessary. The main sulfur compounds 
in the refuse are SO3, which is adsorbed on the cinder, and unburned FeS:. 
The total SO; formed may be computed from the gas analysis. If the 
quantity of SO; in the refuse (determined by analysis) be subtracted 
from the total, the burner-gas composition can be determined. 

Examples of the two types of sulfur loss are given below. 

Example 6-12. The cinder from the combustion of iron pyrites con- 
taining 85 %w FeS, and 15 %w gangue carries 1% Sas FeS:. How many 
pounds of FeS: are lost in the cinder per 100 lb of pyrites fired? 

Solution 

Basis: 100 lb pyrites fired. The reactions are 


4FeS, -e 110, = 2Fe.0; + 8S0, 
4FeS., + 150, —-? 2Fe.0; + 8S0; 
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Let X = lb FeS, lost. 


64 lb S$ 64 


85 — X = lb FeS, burned 
160 lb Fe,O3 a) 
240 lb FeS, burned 
> (85 — X)(160) lb Fe.O; formed 
240 


85 — X)(160) 1 
ees - Bi HesO st spies 





(85 — X)lb FeS.2 burned ( 


lb cinder = 15 lb gangue + 


64X Ib S lost _ 1lbS ; 
120 - Gan Ib Sa) gene) 


64X _ (85 — X)160 
750 = (0.01) E $y a x| 


X = 1.352 lb FeS, lost 


Example 6-13. The cinder from the combustion of iron pyrites con- 
taining 85%w FeS2 and 15%w gangue carries 1% S as SO3. 

How many pounds of SO; are lost in the cinder per 100 lb of pyrites 
charged? 

Solution 

Basis: 100 lb pyrites charged. Equations: 


4F eS, + 110, — 2Fe.03 a 8S0_2 
4FeS> ++ 150, on, 2Fe.0; ok 8803 
160 lb Fe2O; formed\ _ 
(85 lb FeS, burned) (55 Nese fomes ) = 56.7 lb Fe,0; formed 
56.7 lb Fe.0; + 15 lb gangue = 71.7 lb of SO;-free cinder 


Basis: 100 lb cinder 


80 lb SO3\ _ iz 
(1 lb S) (eee) = 2.5 lb SO3 = 2.5% SOs 


Basis: 100 lb pyrites charged 


2.5 Ib SO; ) = 1,839 lb SO; lost 


ie Ib SO;-free cinder) (oreo ee ania: 


Deductions from the Gas Analysis. The amount of SO; formed can 
be calculated from the Orsat analysis of the sulfide-ore-burner gases if it is 
remembered that oxygen disappearance is now caused by two phenomena. 
The first is SO; formation, and the other is iron oxide formation. Since 
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all the SO. formed “appears” in the burner gases, the total oxygen that 
reacted with FeS, to form SO. and Fe20; can be computed. If this 
oxygen “accounted for” in SOs formation plus the uncombined oxygen 
be subtracted from the oxygen equivalent to nitrogen, the remainder is 
oxygen that burned FeS: to Fe.O3; and SO;. The calculation is shown 
below. 

Example 6-14. An analysis of the burner gases from combustion of 
iron pyrites shows 10% SO2z and 5% O2. What percentage of the sulfur 
burned is oxidized to SO3? 

Solution 

Basis: 100 mole SO;-free DBG. Equations: 


4FeS>2 + 110, > 2Fe203 + 8SO02 
4FeS, +- 1502 =A 2¥Fe0;3 -b 8SO; 


11 mole a) 
8 mole SO:2 
= 13.75 mole O, “accounted for” in SO:2 formation 


21 mole O2\ _ : 
(85 mole N») (7 mote) = 22.6 mole Oz supplied 


22.6 mole O2 — 13.75 mole O2 — 5 mole O2 uncombined 
= 3.85 mole O2 consumed in SO; formation 


8 mole SO;3\ _ 
ooo!) = 2.055 mole SO; formed 


(10 mole SO2) ( 


(3.85 mole Oz) ( 
Therefore, 


Total S burned per 100 mole SO;-free DBG = 10 mole § to SO: 
+ 2.055 mole S to SO; = 12.055 mole § 
2.055 


(755 ) (100) = 17% of S burned is oxidized to SO; 


The “gangue + Fe,03;” balance of Example 6-13 and the oxygen 
balance of Example 6-14 provide the information necessary to obtain the 
quantities of the various streams on the same basis, as shown next. 

Example 6-15. Seven hundred pounds per hour of iron pyrites con- 
taining 85%w FeS:2 and 15%w gangue are charged to a burner. The 
cinder contains 1% S as SOs. The burner-gas analysis shows 10% SO2 
and 5% O2. Air used for combustion is dry. How many cubic feet of 
total burner gases at 1 atm and 60°F are produced per hour? 

Solution 

Basis: 1 hr of operation 


(700 Ib pyrites) (epee) ( 64 lb S 


100 lb pyrite 120 lb FeS, 
= 317 lb S charged and burned 
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(From Example 6-13) 


‘ 1.839 lb SO; lost 32 lb S 
700 1 nbd cum tnt Mos tl Il DD edad e ae I 
(700 lb pyrites) ( T0015 prrites ) = 1b aa = 5.15 lb § lost 


317 — 5.15 = 311.85 lb S in burner gases 
(From Example 6-14) 


( 12.055 mole S burned ) eee mole S in burner gas 
100 mole SO;-free DBG 317 mole S burned ) 
_ _ 11.86 mole S in burner gas 
~ 100 mole SO;-free burner gas 
11.86 — 10 mole S in SO: = 1.86 mole S in SO; 


Therefore, 101.86 mole total burner gas is formed per 11.86 mole S in 
burner gas. 





ACL Sh ib din burner eee) a 5) vee mole total He) 


32 lbS 11.86 mole S 
= 83.5 mole total BG 


359 ft? 520 31,700 ft® 
| (83.5 mole total BG) ( paaee )| Ge) SS eran ee 


Sulfuric Acid Manufacture. In the manufacture of sulfuric acid by 
the contact process, catalytic oxidation of SOz is accomplished under 
appropriate conditions in equipment known asa converter. The reaction 
is SO2 + 4%02—SO;. Two or more converters may be in series, and 
extra air (called “secondary air’’) may be supplied. The SO; is absorbed 
by countercurrent passage of the gases (upward) and absorbing liquid 
(downward) in ceramic-packed towers. 

Sulfuric acid is formed by the reaction SO; + HzO — H.SO,. The 
absorption cannot be satisfactorily accomplished by water alone, because 
the vapor pressure of water is sufficiently high to cause formation of an 
acid mist which hinders absorption. The partial pressure of water 
above a sulfuric acid solution depends on the concentration of the acid. 
Sulfuric acid solutions of a concentration between 98.5%w and 99%w 
exert a lower partial pressure of water than do solutions of higher or 
lower concentration. It is customary to feed 98.5 to 99%w acid to the 
top of an absorption tower, which discharges a 20% oleum product. 
(An oleum is a solution of SO; in H,SO,. Twenty per cent oleum is 
20 lb SO;/80 lb H2SO,y.) The gases from the top of the first absorption 
tower pass up a second tower that discharges 98%w acid. Part of the 
98 %w acid is fed to the first tower, and part of it is diluted and recycled 
to the top of the second tower. Contact plants are now quite standard- 
ized and virtually automatic. We have taken the liberty of considering 
different acid strengths in some of our problems. 
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Example 6-16. Two hundred and fifty pounds per hour of 98%w 
H.S0, enters an absorption tower of a contact sulfuric acid plant. If 
20% oleum is produced in this tower, how many pounds per hour of SO; 
are absorbed? 

Solution 

Basis: 1 br. Let X = lb of SO; absorbed. Equation: 


H.0 + SO; — HS0O, 
SO; in SO; out 
As H.SO, + SO; absorbed = SO; in 20% oleum 
98 lb H:SO. 80 lb SO; 
) ee Ib ee) tae 
[20 + (8%68)80] Ib SOs 
~ 100 Ib 20% oleum — 


= (250+ X)lb 20% oleum 
X = 90.3 lb SO; absorbed 


Do the following problems (Examples 6-17, 6-18, and 6-19) and then 
compare your solutions with those given. 

Example 6-17. A sulfur burner, burning sulfur of 98% purity with 
dry air, discharges gas at 1300°F containing 16% SO2, 5% Oz, and 79% No. 
Both the sulfur and the air are supplied at 80°F. The heat of combustion 
of sulfur to SOz2 is 127,690 Btu/mole at 25°C. The burner gas is mixed 
with more dry air (called ‘secondary air’’) and passed through a con- 
verter. Analysis of the converter gas shows 4.2% SO2, 7.5% Os, and 
88.3% Ne. An absorber subsequently removes 95% of the SO; in the 
converter gas by absorbing it in 97% H2SO, to produce 100% H2SOx,. 
No SO; is formed in the absorber. 

a. Calculate the volume of secondary air supplied at 80°F and 735 mm 
Hg per 100 lb impure sulfur entering. 

b. How many pounds of 97% H2SO, must be supplied per 100 mole of 
SO;-free converter gas? 

c. What percentage of the heat generated in the burner leaves as sensi- 
ble heat in the burner gas? 

Method. Draw a diagram and label it. 


95 % of SO; 
removed 


97 Sow 
He SOg 







Secondary air 
80°F 735mm Hg 














Absorber 






Converter 












DBG 


eee 100 %w 
Burner 5 %, On He SO, 
98% pure 79 %o No 
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On the basis of 100 mole of SO;-free DCG, calculate the oxygen consumed 
in SO; formation and the amount of SO; formed. The mole SO; formed 
plus the mole SO: present is the total sulfur in the DCG. This must all 
have entered in the DBG. Pick a basis of 100 mole of SO;-free DBG. 
The analysis shows that no SO; was formed in the burner; therefore the 
16 mole S in SO: is all the sulfur in the DBG. Calculate the amount of 
nitrogen associated with 16 mole total S in DCG. Subtract the DBG 
nitrogen from the DCG nitrogen to obtain the nitrogen supplied in second- 
ary air. This is the secondary air per 16 mole S burned. Now calculate 
the volume of secondary air at 80°F and 735 mm Hg per 100 lb impure 
sulfur entering (answer to a). 

On a basis of 100 mole of SO;-free DCG, calculate the amount of SO; 
absorbed (95% of the amount already calculated for part a). Calculate 
the amount of water necessary to convert the absorbed SO; to H.SOu.. 
The quantity of 97%w H2SO, which contains this amount of water is the 
answer to part b. Indicate on the diagram the moles of burner gas per 
100 lb of impure sulfur and calculate the sensible-heat content for part c. 
Use 80°F as the datum plane. The heat of combustion of sulfur to SOzis 
given at 25°C, which is so close to 80°F that no adjustment need be made. 

Solution 

a. Volume of secondary air per 100 lb impure sulfur. First find the 
total sulfur in the DCG. 

Basis: 100 mole SO;-free DCG 
21 mole Oz 


(88.3 mole N2) Cee) = 23.4 mole O: supplied 


4.2 mole O2 in SO2 + 7.5 mole O2 = 11.7 mole O2 in DCG 
23.4 — 11.7 = 11.7 mole O, to form SO; 


1 mole SO3\ _ 
(11.7) Gee) = 7.8 mole SO; formed 


7.8 +4.2 = 12 mole S in DCG 


Next find secondary air. 
Basis: 100 mole SO;-free DBG. Sixteen mole § enters the converter. 


(16 mole S) (88:5 mole Nz leaving) = 118 mole N; leaving. 


118 — 79 = 39 mole N: in, in secondary air 
(39)(19949) = 49.4 mole secondary air 
32 lb S\ (100 lb impure *) — 593 |b; S 
(16 mole S) (22 5) (One * 523 lb impure 
49.4 mole secondary air) (100) = 9.44 mole secondary air 
523 lb impure S 100 lb impure 8S 


Be Wiley | ces) = * at 80° F and 735 mm Hg 
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b. Pounds of 97% HSO, per 100 mole SO;-free DCG 
Basis: 100 mole of SO;-free DCG 


(7.8 mole SO;)(0.95) = 7.41 mole SOs absorbed 
(7.41 mole) ee) = 592 lb SO; absorbed 
3 
(7.41) (Seae) = 133.3 lb H.O required 
3 


100 lb 97% suey 
3 lb H2O 
= 4440 lb 97 %w H2SO./100 mole SO;-free DCG 


c. Percentage of heat generated in the burner that leaves as sensible 
heat in the burner gases 
Basis: 100 lb impure sulfur 





(133.3 lb H2O) ( 


mole S 


(98 lb S) & ib 5) = 3.06 mole S to SOz 


100 mole DBG 
16 mole SO2 


Therefore, from burner-gas analysis there are 0.96 mole Oz and 15.13 
mole N». 





(3.06 mole SO2) ( ) = 19.15 mole DBG 


Heat generated: 
(3.06 mole S to SO2) ( 


Sensible heat in gases: 


127,690 Btu ) = 391,000 Btu 
2 


mole § to SO2 






Mean C, between 
1300 and 0°F 
Btu/(mole) (F°) 






Compound 


153. 
(223) (1300 — 80)F° 


187,800 x 
(7375) (100) = 48.07% 


187,800 Btu 





Example 6-18. Dry pyrites is burned with dry air in a plant for the 
manufacture of sulfuric acid by the contact process. The cinder con- 
tains 2%w S (present as SOs). 
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Seventy thousand cubic feet of burner gas (measured at 730 mm and 
200°F) is produced per hour. An analysis of the burner gas shows 10% 
SO, and 7% Ox. 

The burner gas is passed through an absorber, where all the SO; is 
removed, and is then conducted to a contact catalyst chamber. Fifty- 
nine and one-half pounds of 70% H2SO, is used per hour for the absorp- 
tion of the SO; in the burner gas. Ninety per cent H.SO, is formed in 
the absorber. No SO; is formed in the absorber. Calculate the per- 
centage of FeS, in the dry pyrites. 


59.5 Ib/hr 
70 “ow H2S0q 


90 Yow Ho S04 


70,000 ft3/hr at 200 °F 
and 730mm Hg 









Dry air 








Ory pyrites 


Cinder 
2% S (as SO3) 





Method. On the basis of 1 hr, calculate, by means of a sulfuric acid 
balance, the moles of SO; absorbed. This is all the SO; in the 70,000 ft® 
of total burner gas. Calculate the moles of burner gas, and subtract the 
SO; quantity to obtain the SO;-free DBG produced per hour. From the 
analysis of the burner gas, calculate the moles of SO; formed. Sub- 
tracting the SO; absorbed from the SO; formed gives the amount of SO; 
adsorbed on the cinder. Calculate the percentage of SO; in the cinder 
and then the weight of FeO; plus gangue produced per hour. Since both 
the SO, and the SO; in the burner gas are known, the total sulfur burned, 
total FeS. burned, and total Fe:O; produced per hour can be computed. 
Subtracting the weight of Fe.0; from the weight of FeO; plus gangue 
gives the amount of gangue associated with the FeS. burned. Therefore 
the percentage of FeS, in the dry pyrites can be computed. 

Solution 

(1) Mole SO; absorbed/hr. H.SO, balance (lb). Let Z = mole SO; 
absorbed. 


.4, (0.7 lb HSOx 98 Ib ay 
(59.5 lb 70% acid) (Rp Hs.) + (Z mole SOs) ( mole SO; 


0.9 lb H2SO, 
ope ee) (59.5 + 80Z) lb 90% acid 


(59.5)(0.7) + Z 98 = (0.9)(59.5 + Z 80) 
ae 0.458 mole SO; absorbed 
b>. hr 
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(2) Mole total BG 


[(70,000 ft*) (4926 60)(739%60)](4459) = 139.4 mole BG 
139.4 — 0.5 mole SO; = 138.9 mole SO;-free DBG 


(3) Mole SO; in cinder 


SO;-free DBG, mole Mole O2 accounted for 
SOz (0.10) (138.9) = (13.89)(11 mole 02/8 mole 8) = 19.09 
Oz (0.07) (138.9) = (9.72)(1) = 9.72 
N, (0.83)(138.9) = 115.29 
138.90 
28.81 


(115.29 mole N:) € nO ) = 


7a acl Nah 30.6 mole O2 supplied 


—28.8 
1.8 mole O» unaccounted for 
(1.8 mole O2) (Cae) = 0.960 mole SO; formed 
15 mole O» 
0.960 — 0.458 = 0.502 mole SO; in cinder 





(4) Amount of FeS: and gangue 


80 Ib SO;\ _ 


80 lb\ /95 lb Fe.O; + gangue 
(0.502 mole SOs) ee) ( 5 Ib SO, 








= 761 lb Fe.O; + gangue 
13.89 + 0.96 = 14.85 mole S burned 


120 lb FeS2\ _ 


160 lb Fe.03 
(890) Gas) = 594 lb Fe.0; 
761 — 594 = 167 lb gangue 
890 lb FeS: 
1057 lb pyrites 
(8994 057)(100) = 84.4% FeS, 


Example 6-19. A sulfuric acid plant burns pyrites containing 85.3% 
FeS:, 2% H.O, and 12.7% gangue. The air used is moisture-free. 
Both the air and the pyrites are supplied at 75°F. At 25°C a poundmole 
of FeS, releases either 371,000 Btu in burning to SO» or 422,000 Btu in 
burning to SO;. The cinder contains 0.42% S as FeS, and leaves the 
burner at 900°F. The heat capacity of the cinder is 0.18 Btu/(Ib)(F°). 
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The burner-gas analysis is 9.1% SOs, 7.5% Os, and 83.4% Noe, and the 
gas is at 1000°F. All the SO; formed in the burner is carried into an 
absorption tower along with the burner gas. This tower is fed with 
100 lb 70% H2SO./100 lb pyrites fired. Part of the SO. in the burner gas 
is converted to SO; and then into H.S0, in this tower, and the acid stream 
leaving the tower contains 78% H2SO,. The exit gas from the tower con- 
tains no SO; and is also moisture-free. Calculate the following: 

a. The pounds of FeS: lost in the cinder, per 100 lb pyrites fed to the 
plant 

b. The moles of SO; in the burner gas per 100 lb pyrites fed 

c. The percentage of the SO in the burner gas that is converted to 
SO; in the absorption tower 

d. The heat dissipated from the burner, per 100 lb pyrites fired 







No SO3 
No H,0 100 Ib 70 ow 
H2S04 
per 100 Ib 
charge 








DBG 
9.1% SO 


7.5% Op 
83.4% N5 











Absorber 





Pyrites 
85.3 % FeSo 


12.7 % gangue Cinder 
20% H30 0.42 % S(as FeSo) 






78 “ow 
H»S04 


Method. On the basis of 100 lb of pyrites, let the amount of FeS, in 
the cinder be represented by z. The sulfur in z lb of pyrites is the sulfur 
in the cinder. The amount of gangue is known, and the amount of Fe2O3 
formed can be expressed in terms of z. Write a sulfur balance, equating 
the sulfur in the pyrites lost (an expression in terms of z) to 0.42% of the 
weight of the cinder (another expression in terms of z). Solve for z, 
the answer to part a. Now calculate the mole S fired, mole § lost, and 
mole §S gasified. On the basis of 100 mole SO;-free DBG, calculate from 
the gas analysis the mole SO; formed and total mole 8 in the DBG. 
From the mole § gasified/100 lb pyrites and mole SO;/mole S in the DBG 
(this is sulfur gasified) compute the mole SO; in DBG/100 lb of pyrites 
(answer to b). On the basis of 100 lb of pyrites, calculate by a sulfuric 
acid balance the total SO; absorbed. Subtracting answer b from this 
quantity gives the mole SO; made in the absorber. Subtracting answer 
b from mole § gasified gives mole S as SO. in DBG. Therefore the per- 
centage of the SO, in the burner gas that is converted to SO; in the 
absorption tower may be computed. This is answer c. Indicate on 
the diagram the weight of the cinder and the moles of burner gas per 
100 lb pyrites. Calculate the heat generated, sensible heat in the cinder, 
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and sensible and latent heat in the burner gases. Determine the heat 
dissipated by subtraction. 
Solution 
a. FeS: lost in cinder/100 lb pyrites 
Basis: 100 lb pyrites. Let z = lb FeS: in cinder. 
85.3 — z = lb FeS, burned 


641bS \ _ 160 Ib i) 
120 Ib es.) Ge as ned | 53 2 e. Ib FeS2 


+ 12.7 + | 


(z lb FeS2 lost) ( 


z = 0.549 lb FeS: 


b. Mole SO; in DBG/100 lb pyrites 
Basis: 100 lb pyrites 


2 mole S 
(85.3 lb FeSe) (2noes) = 1.421 mole §S fired 


2x ) 0.009 mole § lost 


age Tees) (35 ~ 1.412 mole S gasified 


Basis: 100 mole SO;-free DBG 
(83.4 N»o)(2149) = 22.2 mole O2 supplied 


(9.1 mole SO;) € me o) = 12.5 457.fmole Os 


8 mole SO2 
= 20.0 mole O2 accounted for 


a. 7 8 mole SO; 
= 1.175 mole SO; 
9.1 mole S in SO, + 1.175 mole S in SO; = 10.27 mole § in DBG 


i 1.175 mole SO 
Al ; 
Se ee (roa? mole S at) 


_ 9.1616 mole SO; in DBG 
100 lb pyrites 


c. Percentage of SO2 in the DBG converted to SO; in the absorber 
Basis: 100 lb pyrites. 100 lb 70%w H:2SO, supplied. Let z = mole 
SO; absorbed. 


H.SQ, balance (Ib): 


70 + 982 = (0.78)(100 + 80z) 
z = 0.225 mole SO; absorbed 
0.225 — 0.1616 = 0.0634 mole SO; made in absorber 
1.412 mole 8 gasified — 0.1616 mole SO; = 1.250 mole SO: in DBG 


0.0634 
(9.0884 (100) = 5.07% 





Therefore, 


CHEMICAL PROCESSES 257 


d. Heat dissipated from the burner per 100 lb pyrites fired 
Weight of cinder: 


all 160 lb Fe.0; ~~ 


56.5 lb FesO3 + 0.549 lb FeS. + 12.7 lb gangue = 69.8 lb cinder 
Mole of burner gases: 


(1.412 mole S gasified) (to mote SOrfree DBG) 


10.27 mole S 
= 13.76 mole SO;-free DBG 
0.091 mole SO, 


(13.76) (ee S30,free nae) = 1.25 mole SO, 
(13.76)(0.075) = 1.03 mole O, 


_ 11.48 mole N, 
(13.76) (83.4) = ae ea 


Heat generated in the burner. Take 75°F as the datum temperature. 


1 mole 2) Ge Btu 


(1.25 mole SO2) ( ) = 232,000 Btu 


2 mole SOz mole FeS2 — 
1 mole FeS.\ (422,000 Btu\ _ 


232,000 + 34,100 = 266,100 Btu 
Heat in cinder: 
(69.8 Ib cinder) ae) (900 — 75) F° = 10,360 Btu 
mole F 


Heat in gases: 










Sensible: 

Mean C;, between 
Compound Mole 1000°F and 0°F Btu/F° 
in Btu/(mole) (F°) 
re Tn 7 12.00 
(2287 Be) (1000 — 75)F° = 98,700 Btu 
Latent: 
(2 Ib H,0) (2000 Be = 2120 Btu 


266,100 — 10,360 — 98,700 — 2120 = 154,920 Btu 
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VINYL ACETATE MANUFACTURE 


Let us pretend that you work for a large chemical company, in the 
process design department. Let us say further that you are concerned 
with organic chemicals. For many years your company has been develop- 
ing chemical processes through its own research establishment. In the 
normal course of such work, you are asked to evaluate a process at each 
level of its development. This means to estimate the selling price of 
the product. When a process is little more than a gleam in a chemist’s 
eye, you make many assumptions (for example, about the yields and 
conversions that will be obtainable on the industrial scale) and use 
simplified calculation methods (for example, to determine the size of a 
distillation column) and generalized cost-estimation methods. If the 
process looks economically promising, it then passes through further 
experimental stages in which progressively larger quantities are produced, 
and evaluations at these stages are used to keep management informed of 
the economic potential at all times. Since more facts are being obtained 
about the process during these successive experimental stages, fewer 
assumptions have to be made in the successive economic evaluations. 
If the company eventually decides to build a plant, your department does 
a full-fledged plant design. This involves use of the most rigorous calcu- 
lation methods and solicitation of bids from contractors and equipment 
manufacturers. At this stage, other engineers are working with you on 
the design. or example, mechanical engineers may be designing founda- 
tions and certain equipment, and instrumentation-department people 
may be planning for the control of the operation by instruments which are 
sensitive to temperature, pressure, and other process stimuli. The total 
development of the process from laboratory to final plant usually takes 
several years. 

Now let us suppose that the company has become interested in the 
manufacture of vinyl acetate monomer. This may be made through the 
reaction of acetylene with acetic acid as indicated by the equation 


C2H2 (acetylene) + CH;COOH (acetic acid) 
— CH;COOCHCH; (vinyl acetate) 


It was manufactured in Germany by the Wacker process in which the 
reaction was carried out in the vapor phase over a zinc acetate catalyst. 
The catalyst was made by precipitating zine acetate on pellets of acti- 
vated carbon which were a few millimeters in diameter. A vessel was 
filled with these pellets, and the reactants were blown through at an 
appropriate temperature and pressure. Several such vessels were 
required because the catalyst activity diminished with use. After World 
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War II German patents were made available by the U.S. government. 
These in essence are “spoils of war” and part of the public domain. 
Your research organization had an idea that the process would be more 
efficient if the reaction were run in “fluidized-bed”’ reactors. These 
reactors are designed in such a way that the vapor flowing through lifts 
and thoroughly agitates the small catalyst pellets. The entire “bed” 
of particles expands as the vapor is admitted until, at the design velocity 
of vapor, the “‘bed”’ has a fluid appearance and will flow like a fluid. 
This fluidization is beneficial in two ways. In the first place, it provides 
intimate contact between the vapor and the catalyst and ensures uniform 
temperature distribution throughout the bed. In the second place, 
since the solids will flow, it becomes possible to withdraw a constant per- 
centage of the catalyst and add a like quantity of fresh catalyst which will 
mix thoroughly and maintain the bed at constant catalyst-activity level. 
The process may therefore be run continuously, with the reactor discharg- 
ing an effluent of constant composition which may be processed con- 
tinuously in the necessary equipment. Early experimental work by the 
research staff has shown promising results. You are asked to make an 
economic evaluation based on the laboratory data. 

It is now necessary for you to draw a “flow diagram”’ indicating the 
processing equipment that will be necessary in an industrial plant, and 
the order of processing. You will also decide, probably with the aid of a 
market-development group, the yearly production of the plant and its 
location. Then you will make a complete material balance and com- 
plete heat balance on the process, calculate the sizes of the pieces of 
equipment, decide what materials of construction must be used, and 
estimate the capital cost of the equipment. Next you will estimate the 
size and cost of utilities and off-site facilities (steam plant, electrical 
distribution system, cooling-water system, docks, storehouses, change 
houses, shops, roads, sewers, administration building, etc.). Finally 
you will estimate a cost of manufacture of the vinyl acetate, using eco- 
nomic factors which include the daily cost of utilities consumed, wages, 
material and overhead for the operating and maintenance personnel, 
taxes, insurance and land rental, and equipment amortization at a rate 
which your company deems attractive. We are going to examine a 
typical material balance and selected parts of the heat balance in an 
attempt to reveal the role of stoichiometry in this work. 

Following is a schematic diagram of the process, arranged in such a 
manner that we may concentrate on the material balance and certain 
segments of the heat balance. A description of the process, questions, 
and the solution follow. 

Description of the Process and Design Considerations. Make-up 
and recycle acetic acid (hereafter HAc) is vaporized and mixed with 
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make-up and recycle acetylene (CH) and preheated to 356°F in the first 
section of the plant. For simplicity, we shall not deal with the individual 
pieces of equipment that effect the vaporizing, mixing, and preheating. 
We shall assume for our material balance that the make-ups HAcand C2H:2 
are pure because we believe that the small amount of impurities which 
they do contain will pass off with impurities formed in the reactor and 
therefore will neither require any extra processing equipment nor build up 
to such a level in recycle streams that they would affect equipment size 

The gaseous mixture is blown through the catalytic reactor where 60% 
of the HAc is converted with a 98% yield to vinyl acetate (VA). The 
yield of VA on C2H2is 95%. These data plus the temperatures and pres- 
sures are based on actual experimental runs on a bench scale. Labora- 
tory information also enables us to decide that we shall treat all the 
impurities formed as acetaldehyde (CH;COH, hereafter Ac) since it is 
the major impurity and the minor ones would go along with it in the 
processing. The hot gaseous effluent from the reactor therefore contains 
unreacted C2H: and HAc, VA, and Ac. For our material balance we 
shall not show the catalyst preparation, storage, make-up, and with- 
drawal streams. The crude VA effluent proceeds through a cooler to 
a condensation system. We shall not examine the individual heat 
exchangers in this system, but our judgment is that a small loss of C2H; 
will occur and an essentially complete separation of C2H: from the other 
compounds will be effected. The cool acetylene is recycled through the 
crude VA cooler. The condensate in stream 7 passes to a distillation 
column in which Ac is taken off overhead and the final product, VA, is a 
side stream. The bottoms from the VA column are distilled in a second 
column where VA is removed overhead. We believe that the recycle HAc 
should not contain much VA since its presence tends to lower the yield in 
the reactor. In keeping with plant experience, we decide to expect a 3% 
(approximately) loss of VA in the columns and a 4% (approximately) 
loss of HAc. We know the composition of the desired product, and we 
choose the other compositions and temperatures given on the diagram on 
the basis of distillation economy consistent with product purity, material 
losses, and recycle-stream composition. 

Example 6-20. Using the information in the diagram, calculate the 
following: 

a. A material balance, showing amounts of each constituent in the 
numbered streams 

b. Quantity of heat in Btu/SH that must be added in the vaporizing, 
mixing, and preheating sections 

c. Size (in gallons) of the holdup tank for the Dowtherm A 


d. Quantity of heat in Btu/SH that must be removed in the VA 
condenser 
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e. Quantity of heat in Btu/SH that must be added in the reboiler of 
the HAc column 


Note the use of the term Btu/SH. The on-stream factor (SF) is 0.9, 
as indicated in the diagram. This means that we are assuming that the 
plant will be operated (around the clock) for nine-tenths of the year. We 
are allowing one-tenth of the time for unscheduled shutdowns. We shall 
therefore design the equipment to process, in one on-stream hour, 1/0.9 
times as much material as it would process if it could be depended upon to 
run with no shutdowns. 

Solution 

a. Material balance. 

Basis: 100 mole of VA formed in the reactor* 
Calculation of compositions of streams 4, 5, and 6: 


(100 mole VA formed) (Tale HAS to VA) mole HAc to Ac) 


mole VA 0.98 mole HAc to VA 
= 2.04 mole HAc to Ac 
100 + 2.04 = 102.04 mole HAc reacting 
0.40 mole HAc unconverted) 
0.60 mole HAc reacting — 
= 68.1 mole HAc in stream 6 
102.04 + 68.1 = 170.14 mole HAc in stream 5 
9 mole CH: 
mole HAc 
1 mole C2H: to A) (598 mole C2H: to ) 
mole VA 0.95 mole CoH: to VA 
= 5.27 mole C2H: to Ac 
100 + 5.27 = 105.27 mole C2H:2 reacting 
1531.26 — 105.27 = 1425.99 mole C.2H, in stream 6 


(102.04 mole HAc reacting) ( 


(170.14 mole HAc) ( ) = 1531.26 mole C2H: in stream 5 


(100 mole VA formed) ( 


* Note: This type of calculation usually requires the use of a desk calculating 
machine to maintain “significant figures.’’ Since we are restricted to the use of the 
slide rule, we shall try to do the calculations in such a way as to get the best accuracy. 
For example, if, in the reaction A + B— C, 99.5% of the A that is present reacts 
and 100 mole of C is formed, and we want to determine how much A is left unreacted, 
we might write 

1 mole A reacts 0.5 mole A unreacted 
(100 mole C formed) ( mole C jane) ( 99.5 mole A reacted 
= 0.503 mole A unreacted 


rather than 


1 mole A reacts 1 mole A originally eet) 
als Corse) ( 0.995 mole A reacting 


1 mole C formed 
= 100.5 mole A originally present 
100.5 — 100 = 0.5 mole A unreacted 
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60.1 Ib HAc\ _ 
(2.04 mole HAc to Ac) (21D Be) = 122.5 lb Ac formed 


(5.27 mole C2H2 to Ac) (8 wee 





mole Ae) nats 
259.3 lb formed 


mole se) = 5.88 mole Ac in stream 6 


The amount of VA leaving will be 100 mole plus the moles of VA entering. 
The moles of VA entering depends on the amount of recycle HAc. 
Examination of the diagram indicates that the percentage of HAc in the 
product is very small. Therefore if we assume that all the HAc in the 
reactor effluent leaves the VA column in stream 10 and that 96% of this 
HAc is in the recycle stream we shall be in error by an amount so small 
that it is unlikely to upset our requirement of 4% loss of HAc. If there 
were an appreciable quantity of HAc in the product, we could not simplify 
the calculation in this way. The recycle stream contains 


mole VA 


( 0.5 lb VA ) ( mole VA ) (2 Ib HAc 
mole HAc 


99.5 Ib HAc) \86.1 Ib VA) \ mole HAc ) anes 
0.04 mole HAc lost ) 
mole HAc processed 
= 2.72 mole HAc lost 


68.1 — 2.72 = 65.38 mole HAc in stream 4 
(65.38 mole HAc) SA RES = 0.229 mole VA in stream 4 
mole HAc 


100 + 0.229 = 100.229 mole VA in stream 6 


(68.1 mole HAc in stream 7) 


Stream 4 contains 65.38 mole HAc and 0.229 mole VA. 

Stream 5 contains 1531.26 mole C2H2, 170.14 mole HAc, and 0.229 
mole VA. 

Stream 6 contains 1425.99 mole C2Hz, 68.1 mole HAc, 100.229 mole VA, 
and 5.88 mole Ac. 
Calculation of compositions of streams 1, 2, 3, and 7: 

Since the HAc in stream 5 comes from 4 and 2, stream 2 contains 


170.14 — 65.38 = 104.76 mole HAc 


(This equals the 102.04 mole that react plus the 4% of the unreacted 
68.1 mole that is lost.) 
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0.5% of the C:2H; in stream 6 is lost. 


1425.99(0.005) = 7.13 mole lost 


Stream 3 contains 1425.99 — 7.13 = 1418.86 mole C.H2. 
Stream 7 contains 100.229 mole VA, 68.1 mole HAc; and 5.88 mole Ac. 
Since the C2H: in stream 5 comes from 3 and 1, stream 1 contains 


1531.26 — 1418.86 = 112.40 mole C:H; 
(105.27 mole react and 7.13 mole are lost.) 


Calculation of composition of streams 8, 9, 10, and 11: 

To make the material balance on the distillation section we note again 
that the total quantity of HAc in the product is negligible. Therefore 
the HAc in stream 7 is in stream 10 and 96% of it is in 4 accompanied by 
0.229 mole VA as previously calculated. 

Three per cent of the VA in stream 7 is lost in 8 and 11. 


(100.229 mole VA)(0.03) = 3.01 mole VA lost 


Stream 9 must contain 100.229 — 3.01 — 0.229 = 96.99 mole VA 


0.04 mole HAc\ _ 


0.56 mole Ac\ _ 
plus (96.99) (ooeemce = 0.546 mole Ac 


plus (96.99 mole VA) ( 


Stream 10 contains 68.10 — 0.0390 = 68.06 mole HAc 


plus (68.06 mole HAc) (pA mele re) = 2.84 mole VA 


Stream 8 contains 100.229 — 96.99 — 2.84 = 0.40 mole VA 
plus 5.88 — 0.546 = 5.33 mole Ac 
Stream 11 contains 68.06 — 65.38 = 2.68 mole HAc 


plus (3.01)(mole VA lost) — 0.40 (mole lost in stream 8) = 2.61 mole VA 
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In the following, CY = calendar year, SY = stream year, etc. 


(= MM lb vA) ( CY ) ( SY SD mole VA 
CY 0.9SY/ \365 SD/ \24 SH/ \86.1 Ib VA 

ms 44.0 mole VA 

SH 


Since the material balance shows 96.99 mole VA, we shall reduce it by 
the factor 44.0/96.99 = 0.454. 


ANSWER TO a. FinAL MATERIAL BALANCE, MOLE 
Basis: One Stream Hour 










Compound | (1) wheel 9 (9) | ao) | ay 







1.290/1.185 
Seeks asl lg sraiots 0.018/30.9 {1.217 





b. Heat added in vaporizing, mixing, and preheating section. First 
we calculate the temperature of stream 3 when it leaves the crude VA 
cooler. 


Stream (6) 
374 °F, vapor 








Stream (3) 32 °F, vapor Crude VA 


cooler 















moles Ib 
CoHe 644 — 16,750 


266 °F —vapor 


moles Ib 
CoH, 647 — 16,810 
VA 455 - 3,915 


Ac 267 — negligible 


q= (m an) ( ore) (F° temperature rise) 


Quac = (1855) (1.25) (374 — 266) = 250,500 Btu/SH 
gqva = (3915) (0.364) (374 — 266) = 153,800 


don, = (16,810) (0.478) (374 — 266) = _ 770,000 
1,174,300 Btu/SH 





ll 
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Finding the exit temperature of C2H: is a trial-and-error procedure. The 
exit temperature is assumed, average C,, calculated, and exit temperature 
calculated until agreement is obtained. In the diagram it is suggested 
that C, = 0.430 (exit temperature of 200°F) be tried. In a calculation of 
this type you would, of course, need a table of heat capacities of acetylene. 
In the absence of this we have taken the liberty of giving the correct trial 
value. Since g = mC,,, At and since all the heat taken from stream 6 
goes to stream 3, 


1,174,300 = (16,750)(0.430) At 
At = 163.2 F° 
Exit t = 163.2 + 32 = 195.2°F 


This agrees sufficiently well with 200°F since a change of 5 degrees in a 
new assumed value would not change C,,.. 
We may now write the heat balance around the mixing section. 


Stream (3) 185.2 °F, vapor 


moles Ib 
644 —- 16,750 








Stream (1) 68 °F, vapor C,H, 


moles Ib 
Stream (2) 68 °F, liquid 


moles Ib 
HAc 47.5 - 2,850 








Vaporizing, mixing | Stream (5) 356 °F, vapor 


moles Ib 
CjH, 695 - 18,076 
VA O1 —negligible 
HAc (te— 4.631 










an 
preheating section 


Stream (4) 225 °F, liquid 
moles Ib 
HAc 29.7-— 1,781 
VA O01 — negligible 


Heat for stream 1: 


_ 172,000 Btu 


ie ) (20 Btu 
SH 


SH ee) (356 — 68) F° 


Heat for stream 3: 


16,750 2) GS 2) 1,330,000 Btu 
( oH (Ib) (F°) (356 — 185.2) = a 


Heat for stream 2 to raise liquid to boiling point, 244.4°F; 





(ee lb 


266,000 Btu 
0.529) (244.4 — SB sehen orgeeetiatacmees 
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Heat for stream 4 to raise liquid to boiling point of HAc, 244.4°F: 





Ce lb 


_ 19,680 Btu 
a ) (0.568) (244.4 — 225) = —- 


Heat to vaporize streams 2 and 4: 








ee b) 174 Btu\ _ 808,000 Btu 
SH ey so SH 


Heat to raise HAc vapor from 244.4 to 356°F: 





4631 Ib Btu 
aH ) (1.35) (356 — 244.4) = 699,000 aT 
172,000 + 1,330,000 + 266,000 + 19,680 + 808,000 + 699,000 
_ 3,295,000 Btu 
o SH 


c. Capacity of holdup tank. First we must find the heat removed by 
Dowtherm A. 







Stream (6) 374 °F, vapor 


moles Ib 
CoH, 647 - 16,800 
VA 45.5 - 3,920 
HAc 309 - 1,855 
2.67 — negligible 


Stream (5) 356 °F, vapor 
moles Ib 
C,H, 695 - 18,076 
VA O.1 - negligible 
HAc 772 -. 4,631 






Reactor 






Dowtherm A 


Heat of reaction liberated: 


45.5 mole VA\ (50,400 Btu\ — 2,200,000 Btu 
SH mole 7 SH 


Heat absorbed by major constituents: 
147,000 Btu 








gc,u, = (16,800) (0.490) (374 — 356) = oH 
34,900 Btu 
quae = (1855)(1.045)(374 — 356) = ——a— 
27,200 Btu 
qva = (3920) (0.379) (374 — 356) = ——gy—— 
1,991,000 Btu 
2,200,000 — 147,000 — 34,900 — 27,200 = -——G 
1,991,000 Btu absorbed by Dowtherm A Ib ) _ 58,300 Ib 
SH 34.2 Btu SH 





58,300 Ib\ (ft? SH e =) a onfdtholdin) = S65 eal 
( SH ) (at ) (a om) figs) he Paeae : 
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d. Heat removed by VA condenser. There are (44.0)(1.70) = 74.6 


From column, 163 °F, vapor 







VA condenser 


Liquid, 163 °F 
Reflux 
Reflux ratio= 1.70 






Stream (9) 


moles Ib 
VA 440 - 3,780 
HAc 0.02 — negligible 
Ac 0.248 — negligible 


mole VA in the reflux stream and 44.0 + 74.6 = 118.6 mole VA in the 
stream to the condenser. 


(118.6 mole-VA) (383 2 vA) _ 10,200 Ib to be condensed 


“mole VA ) ~ oH 
(10,200) (163) = B02, 00D ee Ta 


e. Heat to be added in the HAc reboiler. This may be determined by 
an over-all heat balance on the HAc column. The composition of the 





Heat out, in cooling water 






Heat in, in feed 
Stream (10) 230 °F, liquid 


Heat out, in distillate 
Stream (11) 183 °F, liquid 






HAc 
column 








moles Ib moles Ib 
VA 1.29 - Wil VA 1185-102.0 
HAc 309 - 1855 HAc 1.217— 73.0 


Heat in, in steam 


Reboiler 






Heat out, in bottoms 


Stream (4) 245 °F, liquid 


moles Ib 
VA 0.104 - negligible 
HAc 29.7 - 1,782 
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distillate is 


1.185 
(at) (100) = 49.4%m VA 


The boiling point of this stream is 183°F. This would have to be deter- 

mined from a boiling-point curve for the VA-HAc system. Since this is 

not included in the text, the temperature is given on the diagram. Note 

that it would not be known until after the material balance had been made. 
Take 183°F, liquid state, as the datum. 

Heat in, in feed above 183°F: 


Quac = (1855) (0.553)(230 — 183) = 48,200 


Qva = (111.1) (0.46)(230 — 183) = 2,400 
50,600 Btu/SH 


Heat out, in bottoms: 
Quac = (1782) (0.557) (245 — 183) = 


Heat out, in distillate = 0. 
Heat out, in condenser water: 

The reflux ratio is 15.59; therefore latent heat must be removed from 
16.59 times the amount of distillate. 


61,600 Btu 
SH 


150 Btu\ _ 436,000 Btu 
(16.59) (175 Ib) (0B) = eaacriaea 
436,000 + 61,600 — 50,600 = 447,000 Btu must a Loe in the reboiler 
PROBLEMS 


6-1. A coal analysis shows 78%w C, 8% H, 5% 0,3% N, 2% 58, and 4% ash. A 
proximate analysis of the same coal (on the same basis) indicates 65% FC and 4.5% 
moisture. What is the ultimate (elemental) analysis of the VCM? 

6-2. The partial ultimate analysis of a coal is as follows: 


CO ee Pde ax 78 %w 
He 

(0). 6 cee ee 

IN Bee ee cn As 2% 
Se 2% 
ABH eee ea 4% 


Theoretically, 14,690 ft? of dry air at 70°F and 740 mm Hg is required for complete 
combustion of 100 lb of this coal (neglecting nitrogen and sulfur). Complete the 
ultimate analysis. 

6-3. An equimolar mixture of methane and ethane is burned with dry air. Because 
of a faulty jet, only 50% of the carbon is burned to COs, the rest going to CO. One 
hundred per cent excess air is supplied. 

a. How many moles of air are supplied per mole of gas mixture? 

b. Assuming reactants and products at “room temperature’”’ and all water formed 
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condensed (conditions for a calorimeter used to determine heating values of gases), 
calculate the ratio of heat given off to that which would have been given off had the 
combustion been complete. - 

6-4 A fuel gas containing 30%v CH,, 30% He, 10% CO, and 30% Nz is burned 
with 20% excess air. The partial pressure of water vapor in the fuel gas is 13 mm Hg, 
and in the air it is 20 mm Hg. The total pressure of both the air and fuel gas is 
760 mm Hg. 

a. What is the analysis of the dry flue gas if 10% of the carbon in the flue gas is 
in CO? 

b. What is the partial pressure of water vapor in the flue gas if the gas temperature 
is 600°F and the gas pressure is measured as a draft of 6 in. of water with the barome- 
ter at 760 mm Hg? 

c. How many Btu’s are released per 100 lbmole of dry inlet fuel gas, if it is assumed 
that all reactants enter at 70°F? (Note that water leaving is all in the vapor state.) 

6-5. In an experiment, pure carbon is burned with an enriched air consisting of 
50%m Oz and 50%m Ne. Because of faulty combustion, not all the carbon burns. 
Of that which does burn, three times as much goes to form CO as that which goes to 
CO:. The theoretical excess of oxygen is 10%. It is known that 51.3 liters of com- 
bustion gases, measured at 27°C and 1 atm, are formed for 10 g of carbon supplied 
(not all burned). What percentage of the carbon is unburned? 

6-6. Pure methane, CH,, is burned with dry air. The flue-gas analysis shows 
7.49% CO2, 1.89% CO, 4.80% Oz, and 85.82% Ne. The flue gases leave at 275°F 
and are 5% saturated with water vapor. The vapor pressure of water at 275°F is 
2310 mm Hg. Calculate the cubic feet of wet flue gas leaving the furnace per mole of 
methane fired. (All the methane is burned.) 

6-7. A furnace is fired with a coal containing negligible nitrogen and sulfur, whose 
proximate analysis indicates 4.7% moisture, 24.3% VCM, and 61.4% FC. The heat- 
ing value of the coal is 14,800 Btu/Ib as fired. The proximate analysis of the refuse 
indicates that it contains negligible moisture, 28% FC, and 65% ash. Pure carbon 
has a heating value of 14,550 Btu/lb. What percentage of the heating value of the 
fuel fired is lost in the refuse? 

6-8. A coal with a heating value of 14,000 Btu/Ib is burned in a furnace. The 
proximate analyses of the coal and refuse are as follows: 










Coal | Refuse 





EO eee 5: 60 36 
VCM 25 7.5 
Moisture........ 5 20.5 


Aah Jceameantawsallcl0 





What percentage of the heating value of the coal fired is lost in the refuse? 

6-9. Hydrogen-free coke is burned with dry air. A technician reports the flue-gas 
analysis as 15% CO:2, 18% CO, 7% Oz, and 60% Nz. Prove by means of appropriate 
calculations that the analysis is impossible. 

6-10. A coke containing 96% C and 4% ash is completely burned with dry air at 
70°F. The flue gases contain, on a dry basis, 1.6% CO, 11.2% COs, 88% Os, and 
78.4% Ne These gases leave at 700°F. The average C, of the gas is 7.3 Btu/ 
(Ibmole)(F°), and the heat of combustion of CO is 68,000 Chu/Ibmole. Calculate 
the heat lost up the stack per pound of coke by 
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a. Sensible heat in the flue gas 
b. Unburned CO 


6-11. A fuel gas consisting entirely of methane, CH,, and ethane, C:H,, is burned 
cag air to yield a flue gas whose Orsat analysis is 10.57% COz, 3.79% Os, and 85.64% 

2. 

a. Calculate the analysis of the fuel in mole per cent. 

b. Calculate the per cent excess air. 

6-12. A coal containing 80% C is completely burned in a furnace. The flue-gas 
analysis shows 14.5% COs, 3.76% O2, and no CO. What is the percentage of net 
hydrogen in the coal? 

6-13. A flue-gas analysis shows 12.4% CO:, 3.1% CO, 5.4% Oz, and 79.1% Nz. 
All the hydrogen but only 85% of the carbon in the fuel appear in the flue gas. Calcu- 
late the per cent excess air. 

6-14. A coke containing 84% C, 4% moisture, and 12% ash is burned with dry 
air. On a dry basis, 33,400 ft of flue gas, measured at 640°F and 730 mm Hg, is 
produced per 100 lb of coke. The Orsat analysis of the dry flue gas is 14.3% CO, 
2.1% CO, 5.25% Os, and 78.35% Ne. Some carbon is lost in the refuse. Calculate 
the following: 

a. The refuse analysis 

b. The volume of wet flue gas on the basis of 100 Ib of coke 

c. The net heating value of 100 lb of coke, based on evaporation of all moisture 
present, and assuming the heating value of coke equivalent to the heat of combustion 
of the carbon that it contains 

d. The percentage heat loss due to unburned combustible material in the refuse 

e. The percentage heat loss due to CO 

f. The percentage heat loss due to sensible heat in the outlet gases, assuming an 
inlet temperature of 60°F 

6-15. In order to increase the heating value per unit volume in a gas-fired furnace, a 
mixture of natural gas and producer gas is burned. The following analyses were 
obtained on the gases entering and leaving the furnace: 


Component | Natural gas | Producer gas| Flue gas 


COs. 7.5 10.05 
eae tabi eeny es 0.5 2.18 
Ned aise aia Se AS x eee 20.4 2.54 
L: ee eee Ne 12.4 

Lo! S Peer: 85.0 3.4 

C.He. Ce | 10.0 

Lee eee 5.0 55.8 85.23 





Calculate the following: 

a. The pounds of producer gas supplied per pound of natural gas 

b. The per cent excess air 

c. The dew point of the flue gas 

6-16. A coal consisting of 72% C, 10% ash, negligible nitrogen and sulfur, and the 
remainder net hydrogen and water (combined and moisture) is burned completely with 
dry air. The Orsat analysis of the flue gases is 8.50% COz, 4.25% Co, 7.45 % Oz, 
and 79.8% N:z. The flue gases leave at 750 mm Hg. Calculate the following: 

a. The net hydrogen and water in the coal 
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b. The partial pressure of water in the flue gases 

c. The per cent excess air 

6-17. A stoker-fired furnace is burning dry coke. One hundred and thirty-nine 
pounds of refuse, containing 54.5% C and 45.5% ash, is discharged per hour. The 
Orsat analysis of the flue gas is 10.5% COz, 2.1% CO, 6.7% Oz, and 80.7% Nz The 
flue gas is cooled to 100°F, dried completely, and metered at 1 atm pressure, and 
122,200 ft of the cool, dry flue gases are formed per hour. Calculate the analysis of 
the dry coke (carbon, hydrogen, and ash). 

6-18. Dry coke containing 4% ash, 90% C, and 6% H is burned with dry air. The 
flue-gas analysis is 9.6% COz, 1.6% CO, 8.8% Oz, and 80.0% Nz. The refuse contains 
60% C and 40% ash. Calculate the following: 

a. The per cent excess air 

b. The volume of wet flue gas at 400°F and 730 mm Hg produced per 100 lb of coke 

c. The partial pressure of water vapor in the wet flue gas 

6-19. A boiler furnace is fired with a dry natural gas containing only carbon and 
hydrogen. The flue-gas analysis is 10.5% CO:, 0.8% CO, 3.0% Os, and 85.7% N2. 
The air enters at 80°F, 740 mm Hg, with a relative humidity of 55%. Flue gas leaves 
at 700°F and 740 mm Hg. The vapor pressure of water at 80°F is 26.3 mm Hg. 
Calculate the following: 

a. The weight analysis of the fuel 
. The per cent excess air 
. The cubic feet of air (including water) per pound of fuel 
. The cubic feet of flue gas (including water) per pound of fuel 
. The analysis of the fuel, assuming it to consist entirely of methane and ethane 
. The gross heating value of the fuel, based on a gas-industry standard cubic foot, 
evaluated at 60°F, 30 in. Hg, and saturated with water vapor 

6-20. A furnace burns a petroleum coke containing 90% C, 2% H, 3% ash, and 
5% moisture. Excess air for combustion is maintained at 20%, and 5% of the carbon 
and hydrogen in the fuel is lost unburned in the refuse. Eight per cent of the carbon 
in the flue gas is present as carbon monoxide. The air used for combustion contains 
water vapor at a pressure of 10 mm Hg, and the barometric pressure is 740 mm Hg. 
Calculate the following: 

a. The analysis of the dry flue gas 

b. The mole of wet flue gas per pound of coke fired 

6-21. A furnace is fired with coal of the following analysis: 60% C, 14% H, 16% O, 
10% ash, and negligible nitrogen and sulfur. The proximate analysis is 40% FC, 
41% VCM, 9% moisture, and 10% ash. The refuse has the following analysis: 40% 
FC, 60% ash. Itisdry. Eighteen thousand and two hundred cubic feet of wet air at 
a total pressure of 750 mm Hg and a temperature of 70°F, with a partial pressure of 
water of 10 mm Hg, is supplied per 100 lb of coal fired. The total pressure of the hot 
wet flue gas is 750 mm Hg. The ratio mole CO:/mole CO is 4:1. Calculate the 
following: 

a. The per cent excess air 

b. Orsat analysis of the flue gas 

c. The partial pressure of water vapor in the hot wet flue gas 

6-22. A coal containing 78.76% C, 0.78% S, 1.30% N, and 6.18% ash as fired is 
burned at a rate of 1200 lb/hr. The proximate analysis of the coal as fired is 1.44% 
moisture, 34.61% VCM, 57.77% FC, and 6.18% ash. The refuse contains 21 % FC, 
4% VCM, and 75% ash. Air at 70°F and 29.7 in. Hg is supplied to the blower of the 
furnace at a rate of 4680 ft?/min. The partial pressure of water vapor in it is 0.542 in, 
Hg. The flue gases contain 10.8% CO2 and 0.2% CO ona dry basis. They leave 
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the furnace at 1000°F and 29.74 in. Hg. The partial pressure of water vapor in them 
is 1.57in. Hg. Neglect the nitrogen and sulfur in the coal, and calculate the following: 

a. Pounds of carbon lost per 100 lb of coal fired 

b. Cubic feet of flue gas per minute 

c. The Orsat analysis of the flue gas 

6-23. A steam boiler is fired with a coal having a gross heating value of 12,470 
Btu/Ib. It contains 3.89%w moisture, 4.41% H, 5.47% O, 0.98% N, 0.78% 8, 
70.04% C, and 14.43% ash. The refuse contains no combustible matter. The wet 
air supplied enters the furnace at a temperature of 90°F and an absolute pressure of 
760mm Hg. Four hundred and eighty-five cubic feet of wet flue gas at a temperature 
of 800°F and a pressure equivalent to 3 in. H.O draft leaves the furnace per pound of 
coal fired. The Orsat analysis of the flue gas is 10% CO2, 2.4% CO, 8.0% Oz, and 
79.6% Nz. The partial pressure of water vapor in the hot flue gas is 60.5 mm Hg. 
Barometric pressure is 760 mm Hg. Neglecting nitrogen and sulfur in the coal, calcu- 
late the following: 

a. The percentage of net hydrogen in the coal 

b. The moles of dry flue gas per pound of coal fired 

c. The cubic feet of wet air supplied per pound of coal fired 

d. A complete material balance on the furnace 

e. A complete heat balance on the furnace 

6-24. A pyrites burner produces gas whose analysis indicates 9.32% SOz, 6.93% Ox, 
and 83.75% Ne. What percentage of the sulfur burned is converted to SO;? 

6-25. Pyrites fines, containing 88.6% FeS: and 11.4% gangue, are charged to a 
burner. An analysis of the cinder shows 81.71% Fe20;, 2.19% FeSe, and 16.1% 
gangue. Twenty per cent excess air is supplied based on conversion to SO;. The 
burner gas is passed directly to a converter. Ninety-six per cent of the sulfur burned 
is converted to SO; in the burner and converter. What is the converter-gas analysis? 

6-26. A cinder containing 84.7% Fe.O; and 15.3% gangue results from the com- 
bustion of pyrites containing 89.2% FeS: and 10.8% gangue. Sixteen poundmole 
of air is supplied to the burner per 100 lb of pyrites. The burner gases pass through a 
converter, the effluent gas from which shows 92.6% Nz: by an Orsat analysis. Calcu- 
late the percentage of the sulfur charged that is converted to SOs. 

6-27. Dry pyrites fines containing 47% S are burned in a Herreschoff burner. The 
cinder produced contains 3%w SO;. If the pyrites consist of FeS: and gangue, how 
many pounds of SO; are in the cinder per 100 lb of pyrites fired? 

6-28. Pure sulfur is burned with 20% excess air based on conversion to SOs. 
Thirty per cent of the sulfur forms SO;; the remainder forms SOx. 

a. What is the analysis of the burner gas? 

b. The burner gas is passed through a converter. If the gases leaving the converter 
have a mole fraction of oxygen of 0.043, what is the ratio of mole SO; to mole SO; in 
them? 

6-29. A burner-converter chain burning pure sulfur produces a converter gas which 
shows 90% Nz on analysis. Ninety per cent of the sulfur burned is converted to SOs. 
Calculate the per cent excess air, based on conversion to SOs. 

6-30. Sulfur of 98% purity is burned to produce a burner gas with the following 
analysis: 16% SO2, 5% Oz, and 79% Nez. The burner gas is passed to a converter 
where secondary air at 745 mm Hg pressure and 400°F is added to aid in conversion to 
SO;. The converter gas contains 7.25% SOs, 3.90% SOz, 6.97% O2, and 81.88% Nz. 
Calculate the volume of secondary air supplied per 100 lb of charge. 

6-31. The analysis of gases from the first converter of a contact sulf uric acid plant is 
4%, S02, 13% Oz, and 83% Nz. The analysis of gases from a second converter in 
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series with the first is 0.45% SOs, 11.85% Oz, and 87.7% Nz. What percentage of the 
SO, entering the second converter is converted to SO;? 

6-32. One hundred mole per hour of an SO;-free burner gas enters a converter. The 
analysis of the entering gas shows 10% SO. and 5% Oz. If the exit gas contains 1% 
SO. (on an SO;-free basis), what is its composition, expressed as mole per cent of 
SOs, SO2, Oz, and N2? 

6-38. One hundred pounds per hour of pyrites containing 90% FeS: and 10% 
gangue are burned with 20% excess air based on conversion to SO;. The cinder dis- 
charged from the burner contains no sulfur. No conversion to SO; occurs in the 
burner. The burner gas is passed through a converter which effects a 98% conversion 
of SO. to SO;. The converter gas is passed to an absorber where all the SO; is absorbed 
by 80%w sulfuric acid, which becomes 100 %w sulfuric acid in the process. Calculate 
the following: 

a. The burner-gas analysis 

b. The converter-gas analysis 

c. The absorber-gas analysis (gas leaving absorber) 

d. The pounds of 100%w H.2SO, produced per 24-hr day 

6-34. Dry pyrites containing 48% S is burned in a sulfuric acid manufacturing 
plant. The cinder contains 2% 8. All this sulfur is present in SO; adsorbed on the 
cinder. The analysis of the gas leaving the sulfur burner is as follows: 8.25% SOx, 
7.85% Oo, and 83.90% Ne. After the burner gas is passed through a converter, the 
SO; is absorbed in an absorber which uses 76.1 %w H.SO, and produces 100 %w H:2SOx,. 
The exit gas contains no SO; and has the following analysis: 0.93% SOs, 4.68% Os, 
and 94.39% Ne. Assuming that there is no conversion of SO: to SO; in the absorber, 
calculate the following, on the basis of 100 lb of pyrites fired: 

a. Mole SO; in the burner gas 

b. Analysis of the converter gas on an SO;-free basis 

c. Pounds of 100%w H2SO, leaving the absorber 

d. The heat released in the absorber at standard conditions 

6-35. A chamber-process sulfuric acid plant produces SO; by burning pyrites that 
contains 46.5% sulfur. The cinders are analyzed and found to contain 2.03% S as 
SO;. The burner-gas analysis averages 9.58% SO2 and 7.51% Os. The gas issuing 
from the first chamber has an average analysis of 4.87% SOs, 5.37% Os, and 89.76% 
Nz. Calculate the following: 

a. The percentage of the sulfur fired that leaves the burner as SO; in the burner gas 

b. The percentage of the sulfur fired that is converted from SO, into H,SQ, in the 
first chamber, assuming that the exit gas from this chamber contains no SO; 

c. The total pounds of H,SO, (60% by weight) that would be produced per 24-hr 
day from the SO; in the burner gas and the SO, oxidized in the first chamber, if the 
firing rate is 600 lb of pyrites per hour 

6-36. A mixture of pure sulfur and of pyrites analyzing 85% FeS, and 15% gangue 
is burned in a standard pyrites burner. The burner gas contains 10% SO2, 7% Ox, 
and 83% Ne on an SO;-free basis and contains 1 mole SO;/100 mole SO;-free burner 
gas. The cinder contains 2% S as SOs. Calculate the percentage of FeS: in the 
charge. 

6-37. The feed to a burner is a mixture of pyrites and pure sulfur. The pyrites 
used is 90% FeS2. Six per cent of the total sulfur is supplied by the pure sulfur. 
The cinder contains 6% S. Forty per cent of the sulfur in the cinder is in SO;; the 
remainder is in unoxidized FeS,. The burner-gas analysis is 4.25% SOs, 8.95% Os, 
and 86.80% Nz. Calculate the following: 

a. The pounds of cinder formed per 100 Ib of mixed charge 

b. The percentage of the total sulfur charged that leaves as SO; in the burner gas 


POSTSCRIPT 


One distinguishing characteristic of an individual who has achieved a 
high degree of proficiency in a particular subject is the sense of integra- 
tion which he displays. He recognizes the connective principles that 
join the parts into a whole, he recognizes the boundaries and limits of 
the whole, and he appreciates the relationships of the whole subject to 
other subjects. If a subject is very limited in scope, an individual may 
be unable to attain any significant proficiency in the absence of a sense of 
integration. But if the subject is very broad in scope, incorporating 
many different disciplines, he may become moderately proficient and still 
lack this sense. The attainment of it is a sign of maturity in under- 
standing the subject. The basic purpose of this text is to help you mature 
with respect to its subject, stoichiometry. It attempts, first of all, to 
review significant phases of the primary disciplines involved, to integrate 
these disciplines into what are commonly called “stoichiometric calcula- 
tions,’’ and finally to relate these calculations to the broader subjects of 
industrial chemistry and chemical engineering. A secondary purpose of 
this text is to start you on the road to attainment of a sense of integration 
about chemical engineering. Therefore a brief discussion of this subject 
is included, and in addition to indicating the role of stoichiometry in this 
field, we have mentioned, whenever feasible, the other disciplines essential 
to chemical-engineering calculations. 

The highly proficient individual displays his sense of integration with 
respect to the solution of a complicated problem by his ability to present a 
verbal description of the solution process. 

A purely mathematical expression of the solution has a significant 
weakness. This weakness is that every step in the solution seems equally 
important when expressed mathematically. The verbal approach empha- 
sizes the most important connective steps, thereby complementing the 
mathematical approach. 

We have therefore presented numerous verbal descriptions of solution 
processes. You should attempt to outline your own solutions in an 
analogous manner before beginning the calculations. 

In addition to all the other good habits that we have urged you to 
form, permit us to add this most mature one—the habit of conscious search 


for integrating factors. 
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Appendix A 


CONVERSION FACTORS 


English (all avoirdupois) 


Metric 


Mixed 


English 


Metric 


Mixed 


English 


MASS 
UN ORig waters ee tre te tee acc ee ne ores 16 drams 
Deere see ea A ae Lee 16 oz 
1D ot en a sire Ee ee See 7000 grains 
EP BhOrigtOn pees teh arth snc eae oe 2000 lb 
lon ght On sees ie eects eevee Ss 2240 lb 
eTNICHOP TAILLE) ena mer eae cia rie oe 10-*g 
Dmuliorarna(m gy) 200.2 sete te inca ats. eens LOS gs 
Beentigram aCe) see cae ee tse eee 0.01 g 
Pdecigram (dg) s1.. costes cae nee 0.1 g 
TDUEMOOTAIN GK jee o eh ee erscect er aes ee 1000 g 
TSMC tric OM erie rer eine Tee tee ee 10°g 10%kg 
A epee PARC re etn eee te en, “one: A eee 453.59 g 
SPIMOUPIG OR pee hein ee tare aerate ate cree 2205 lb 
gS Ff pete cre Re a De Rn Ca ee ae 2.205 lb 
LENGTH 
1 ee Sn de Pe Pee 12 in 
| f+ lees Be Oy eee paren 2B, ate a oh ee 3 ft 
Dorrit ee ee oe aie s wakes Peeps tro 5280 ft 
Picentimeter. (cmon a sas cee nearer eo 10 mm 
SROECIMELER GIN ) gira err ee ae acteiee os ....10 cm 
PUINOLER CUI ie ce cay a eceee tet erg ee gees 10 dm 
A klometer (km) i ccuences s ese Ry Aa 1000 m 
RS re ese AO oe BA GIL ake ute oh ase 2.540 cm 
1A ips a Bee ae Oe Er i, SOR ieee nic 39.37 in. 
AREA 
VES ee re oa Gera Cratoearereinuratos Weldlotes sae 144 in.? 
Dar mic eee ee Weis sm ivan ate Ais SI ole ole 43,560 ft? 
1 SURE NOS ie head ss a vn aie ninsla Kas ares 640 acres 
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Mixed 


English 


Metric 


Mixed 
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Alp soviet Paces, ena lh eens ronal Scere BIE Bhat 0.01 cm? 
pipes 1 heen 2° AA eg te phat tunint nt TRL I Eri us tyr 0.01 dm? 
j Kars bs Gap aN eR arian nem ae Pr ere erara aN aces ea 0.01 m? 
if 1 nS or Seopa Sa Lt 8S Co 10.76 ft? 
1 io 01 tee Pe ee oe. Pane aN kere oe 1550 in.? 
1 RE eee SEEN i FE ek mas pom ea Rte An 6.452 cm? 
Tft2, oe ee eee i wan ee oe eae 929 cm? 
VOLUME 
1 Oh Ei ge Cen eT Rete orca 1728 in.* 
Ti gal OSs tcis cysts ee): bit tans Settee soe 4 qt 
1 AP A ae ee Sap ee oh R gt Sine Attia cana 7.481 gal 
BE TN i epee Ane tas Bits Pacis MAIN ae Gin mers 231 in. 
Ldrum r8..,.09- Beaks cen eee cle eee oes 55 gal 
Toil bbl eee ass aoe ace eee 42 gal 
LUISE DDL arse ae aa cto amnion 31.5 gal 
RS YTS Beer wkeootaks cetent Sie eee en eee 10-6 liter 10-% cm’ 
BAL 0 pe a gee e e e O eeR PM ERIM SA, ACD 38 10-3 liter 10-3 dm?’ 
die 595 oe cee i Sac ce ae ke 0.1 liter 107% m3 
AL mmaldiliters (mil) epeeececi 4 se cs sete eee eee a ore 10-3 liter 
AP Centiliters(Cl) coca eee ciet ret wera oe 10~? liter 


Tecdeciters (Gl) peel ere eer ee ROLL Ler 


LEGS ers, ee ie See he Ee ee ere ere 28.32 liters 
Le hiterseny 4-5 ee ae or ee ae 61.02 in.? 
TIME 
AS Sh icy tt Aeon tee eed Rene: B88, (ko 4 Bear 60 sec 
DL Dee ee eee erik ik weed de ee 60 min 
PRESSURE 


Values equivalent to 1 atm 


14.70 lb/in.? 

2117 lb/ft? 

10,333 kg/m? 

760 mm Hg (0°C) 
33.93 ft H2O (15°C) 


HEAT, ENERGY, AND WORK 


Li JOUIG Ss 2.5 7 ee a eae are 10’ ergs 

TE GD is cn encas’s stacc siete enener ey ae 1.356 joules 

L EW-Dri Gn Menace eee pees ee 2.655 X 10° (ft) (Ib) 
Ls Wwe arse g Rete) Series es vas eee et 1.341 (hp) (hr) 

LV Btus cece Reena exter ks. cee 252 g-cal 


L Bta snc copa Cae es ah eine oak wee 778.16 (ft) (Ib) 
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APPENDIX A (Continued) 
POWER 


LDP eres Sie eee hess el ee ce he ne cai 550 (ft) (Ib) /sec 
a N's: GR Eis Sat, 2 See RR a Ae 737.56 (ft) (Ib) /sec 


STANDARD GRAVITATION CONSTANT 


32.1740 ft/sec? 
980.665 cm/sec? 


PERFECT-GAS-LAW CONSTANT, R 


0.08206 (atm) (liter) /(gmole) (°K) 
82.06 (atm) (cm) /(gmole) (°K) 
62.36 (mm Hg) (liter) /(gmole) (°K) 

1.314 (atm)(ft?)/(Ibmole) (°K) 

998.9 (mm Hg) (ft?) /(Ibmole) (°K) 
554.9 (mm Hg) (ft?) /(bmole) (°R) 

0.7303 (atm) (ft*) /(Ibmole) (°R) 
10.73 (Ib /in.*) (ft) /(Ibmole) (°R) 

1545 (Ib /ft?) (ft?) /(Ibmole)(°R) = 1545 (ft) (1b) /(Ibmole) (°R) 

1.986 Btu/(lbmole)(°R) 

1.986  cal/(gmole) (°K) 


Appendix B 
INTERNATIONAL ATOMIC WEIGHTS, 1954 

















Substance Symbol eon paciiii 
Actininnte i . ser ants Ac 22K 89 
VM GTheahholsten ly aeeats wre ee ae Al 26.98 As 
AIMeriGliiiniee saa eeee Am 243 95 
ANtIMODY....wesc oe eal PU 12 6 51 
WN ge) srecdes aN RP ae A 39.944 18 
ATSODIG Winch does As 74.91 33 
AsStHLNeass nr ae te At 210 85 
PARTY eee, te tse se Ba 137 .36 56 
Beryl eons eee ee 9.013 a 
JBIAT Gee Bi 209 .00 83 
BOTONSe ee re case, B 10.82 5 
IStGniiner se eee Br 79.916 35 
Gadmiumy. seek Cd 112.41 48 
COON. ke Boon oe Ca 40.08 20 
CATO ere ayse ree es ae C 12.011 6 
Cerin vo oe, ater Ce 140.13 58 
(COSINE ae ee ecg ake aoe Cs 132.91 ue 
ChlorinG ae eres oe Cl 35.457 iy 
Chromiumews 9.00.50: Cr 52.01 24 
Cobalteree.cracwrt seen Co 58.94 27 
COP RAR te om daceecon Cu 63.54 29 
(Unum eee ene Cm 245 96 
Dysprosium........... Dy 162.46 66 
Jidophbbest. ene) nee oe Er 167 .2 68 
Europium.............} Eu 152.0 63 
ElQorinesoungsees eee F 19.00 9 
Ayia wa ye Fr 223 87 
Gadolinium........... Gd 156.9 64 
Rralitarie; et ck oe Ga 69.72 31 
Germanium........... Ge 72.60 32 
CIGHL SLURS cee ha Au 197.0 79 
[BERANE oc = es Ge ee Hf 178.6 72 
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APPENDIX B (Continued) 





Tronvésc esc acoe.| «Ee 55.85 26 


Krypton... 5 <<.cet ets st} aE 83.80 36 
Lanthanum, 2-7. ce La 138 .92 57 
Leaner eee oe Pb 207 .21 82 
Tathium sees eee Li 6.940 3 
Tuteium,. . cee ae oe Lu 174.99 71 
Magnesium........ ..| Mg 24.32 12 
Manganese’. 4-6. 4... » 5 Mn 54.94 25 
MEECUTY see eee | eee 200.61 80 
Molybdenum.......... Mo 95.95 42 
Neodymium s.9a. Nd 144.27 60 
Negi 2th see dl Ne 20.183 10 
Nep tums arcs os eccia one Np 237 93 
Nickel Seer ceil aN 58.69 28 
INGORE ect errr asl ee ND 92.91 41 
INTEROP ON eae ees on ie eel 14.008 7 
Oamnim face saa Os 190.2 76 
ORV REN eeceien vce ot es O 16.0000 8 
Pallant race | ae 106.7 46 
Phospnorna ye ie 30.975 15 
IDI GLI ere ee Pt 195.23 78 
PluteniwiMes..0 ee Pu 242 94 
PGlGn ium Ge ae eee Po 210 84 
Potassium a.. 4a K 39.100 19 
Praseodymium........ Pr 140.92 59 
Promethium........... Pm 145 61 
Protactinium..........| Pa 231 91 
BESTS VE alls 2: cg eR TEN eee Ra 226 .05 88 
RAGONG 2arakiocicie saa Rn 222 86 
pact ii pe eee Re 186.31 75 
Rodi ar aces ss ss Rh 102.91 45 
RIGO pees es 85.48 37 
Ruthenium............ Ru 101.1 44 
SSS IAL VT d one os Sm 150.43 62 
PGA M I ec cis y 90-27 Se 44.96 oa 
Selenium..............| Se 78.96 34 
CUTS Tieoy oe ee AR Pes 28.09 14 
SEIU Clee ea coters ists isthe Ag 107.880 47 
PUNT Fats pce a Na 22.991 GL 
Bronte, ikaw ees Sr 87 .63 38 
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Substance Symbol ae es 
Sulfur'..60e veer ee hae Ss 32.066 16 
Lantaliiienw eer tee Ta 180.95 vo 
Technetivimiersn eee Te 99 43 
Tellhuriminice sce eater e Te 127.61 52 
Terbium encase ees Tb 158.93 65 
AMUN eA hones All 204 .39 81 
THOM aa eeeee)re eee 232 .05 90 
THT ETh es eect Tm 168.94 69 
"Tin ase ce oon Sees Sn 118.70 50 
“Litaniumanso error Atal 47 .90 22 
Uraniurms ere U 238 .07 92 
Wireline. goer V 50.95 23 
Woliramy sc. cee WwW 183 .92 74 
ONO ce i Re Xe Bh as) 54 
SY GGEEOIUIN ee ee oe Yb 173 .04 70 
NW tEPIUIN oe. eee ae se 88.92 39 
LANCE ds 2 0 0 ie char Zn 65.38 30 


ATCO eee Zr 91.22 40 


Appendix C 


PROPERTIES OF SATURATED STEAM’ 


Volume, ft?/lb Enthalpy, Btu/lb 

Temp, Abs. pressure, ==. — —__________- 
°F Ib/in.? Liquid, Vapor, Liquid, Vapor, 

vs Ug hy hg 

32 0.08854 0.01602 3306. 0.00 1075.8 
35 0.09995 0.01602 2947. 3.02 1077.1 
40 0.12170 0.01602 2444, 8.05 1079.3 
45 0.14752 0.01602 2036.4 13.06 1081.5 
50 0.17811 0.01603 1703.2 18.07 1083 .7 
60 0.2563 0.01604 1206.7 28.06 1088.0 
70 0.3631 0.01606 867.9 38.04 1092.3 
80 0.5069 0.01608 633.1 48 .02 1096.6 
90 0.6982 0.01610 468.0 57.99 1100.9 
100 0.9492 0.01613 350.4 67.97 1105.2 
110 1.2748 0.01617 265 .4 77.94 1109.5 
120 1.6924 0.01620 203 .27 87 .92 ISS e 
130 2.2225 0.01625 157 .34 97 .90 1117.9 
140 2.8886 0.01629 123.01 107.89 1122.0 
150 3.718 0.01634 97 .07 117.89 1126.1 
160 4.741 0.01639 17.29 127.89 1130.2 
170 5.992 0.01645 62.06 137 .90 1134.2 
180 (fa 0.01651 50.23 147 .92 1138.1 
190 9.339 0.01657 40.96 157 .95 1142.0 
200 11.526 0.01663 33.64 167 .99 1145.9 
210 14.123 0.01670 27 .82 178.05 1149.7 
212 14.696 0.01672 26.80 180.07 1150.4 
220 17.186 0.01677 23.15 188.13 1153.4 
230 20.780 0.01684 19.382 198.23 1157.0 
240 24.969 0.01692 16.323 208.34 1160.5 
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Volume, f/Ib | Enthalpy, Btu/Ib 
Temp, oe hehehe Liquid, Vapor, Liquid, Vapor, 
oF lb /in.? h h 
vy Ug f g 
250 29.825 0.01700 13.821 216.48 1164.0 
260 35.429 0.01709 11.763 228 . 64 1167.3 
270 41.858 0.01717 10.061 238 . 84 1170.6 
280 49.203 0.01726 8.645 249 .06 1173.8 
290 57.556 0.01735 7.461 259.31 1176.8 
300 67.013 0.01745 6.466 269.59 1179.7 
310 77.68 0.01755 5.626 279 .92 1182.5 
320 89.66 0.01765 4.914 290 .28 1185.2 
330 103 .06 0.01776 4.307 300.68 1187.7 
340 118.01 0.01787 3.788 311.13 1190.1 
350 134.63 0.01799 3.342 321.63 1192.3 
360 153.04 0.01811 2.957 332.18 1194.4 
370 173.37 0.01823 2.625 342.79 1196.3 
380 195.77 0.01836 2.335 353.45 1198.1 
390 220.37 0.01850 2.0836 364.17 1199.6 
400 247.31 0.01864 1.8633 374.97 1201.0 
410 276.75 0.01878 1.6700 385.83 1202.1 
420 308 .83 0.01894 1.5000 396.77 1203.1 
430 343.72 0.01910 1.3499 407.79 1203.8 
440 381.59 0.01926 1.2171 418.90 1204.3 
450 422.6 0.0194 1.0993 430.1 1204.6 
460 466.9 0.0196 0.9944 441.4 1204.6 
470 514.7 0.0198 0.9009 452.8 1204.3 
480 566.1 0.0200 0.8172 464.4 1203 .7 
490 621.4 0.0202 0.7423 476.0 1202.8 
500 680.8 0.0204 0.6749 487 .8 1201.7 
520 812.4 0.0209 0.5594 511.9 1198.2 
540 962.5 0.0215 0.4649 536.6 1193 .2 
560 1133.1 0.0221 0.3868 562.2 1186.4 
580 1325.8 0.0228 0.3217 588.9 1177.3 
600 1542.9 0.0236 0.2668 617.0 1165.5 
620 1786.6 0.0247 0.2201 646.7 1150.3 
640 2059.7 0.0260 0.1798 678.6 1130.5 
660 2365.4 0.0278 0.1442 714.2 1104.4 
680 2708.1 0.0305 0.1115 757 .3 1067 .2 
700 3093 .7 0.0369 0.0761 823.3 995.4 
705.4 3206 .2 0.0503 0.0503 902.7 902.7 


* Abridged from Keenan and Keyes, “Thermodynamic Properties of Steam,” 


John Wiley & Sons, Inc., New York, Copyright, 1937, by Joseph H. K 
Frederick G, Keyes, : Rots ph H, Keenan and 


Appendix D 


VAPOR PRESSURES OF PURE 
COMPOUNDS* 


Vapor PREssURES OF INORGANIC COMPOUNDS ABOVE 1 ATM 





Pressure, atm 























Compound 1 | 2 | 5 10 20 30 40 50 60 
Temperature, °C 

Ammonia..............| —33.6]| —18.7| +4.7 25.7 50.1 66.1} 78.9 89.3 98.3 
Carbon monoxide...... — 191.3] —183.5| —170.7| — 161.0] —149.7/—141.9 

Carbon dioxide......... —78.2)| —69.1] —56.7| —39.5} —18.9} —5.3] +5.9 14.9 22.4 
Carbon disulfide........ 46.5 69.1] 104.8} 136.3] 175.5] 201.5] 222.8 | 240.0 | 256.0 
Chlorine...............]| —33.8] —16.9] +10.3 35.6 65.0 84.8) 101.6 | 115.2 | 127.1 
Hydrogen chloride...... — 84.8} —71.4| —50.5| —31.7} -—8.8| +5.9] 17.8 27.9 36.2 
Hydrogen sulfide....... —60.4| —45.9| —22.3) -—0.4) +25.5 41.9) 55.8 66.7 76.3 
Sulfur dioxide..........] —10.0 +6.3 32.1 55.5 83.8] 102.6] 118.0 | 130.2 | 141.7 
Sulfur trioxide......... 44.8 60.0 82.5} 104.0) 138.0} 157.8] 175.0 | 187.8 | 198.0 





* Compiled from extensive tables by D. R. Stull, Ind. Eng. Chem., vol. 39, p. 517, 1947, with permis- 
sion of the author and publishers. 
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APPENDIX D (Continued) 
Vapor PRESSURES OF INORGANIC CoMPOUNDS UP TO 1 ATM 
Pressure, mm Hg 
Compound 1 | 5 | 10 20 40 60 100 200 400 760 
Temperature, °C 

Ammonia......}—109.1} —97.5| —91.9] —85.8] —79.2}| —74.3} —68.4| —57.0} —45.4| —33.6 
Bromine....... —48.7| —32.8] —25.0) —16.8) -—8.0} —O. +9.3 24.3 41.0 58.2 
Carbon dioxide. | — 134.3! -124.4] -—119.5}—114.4| —108.6] —104.8)—100.2} —93.0) —85.7| —78.2 
Carbon 

disulfide.....}| —73.8| —54.3} —44.7| —34.3] —22.5) —15. —5.1} +10.4 28.0 46.5 
Carbon 

monoxide... .|—222.0]— 217.2] — 215.0] —212.8]—210.0]— 208.1] — 205.7] — 201.3] —196.3]/—191.3 
Carbon 

tetrachloride.| —50.0} —30.0| —19.6) —8.2} +44.3 12 23.0 38.3 57.8 76.7 
Chlorine.......]—118.0|—106.7/—101.6| —93.3} —84.5| —79 —71.7| —60.2| —47.3) —33.8 
Hydrogen 

bromide.....|/—138.8]/—127.4]—121.8]—115.4]—108.3]—103 —97.7| —88.1| —78.0| —66.5 
Hydrogen 

chloride..... — 150.8} —140.7| —135.6|]—130.0}—123.8]—119 —114.0)/—105.2} —95.3] —84.8 
Hydrogen 

sulfide...... —134.3}—122.4|—116.3]—109.7/—102.3] —97 —91.6}| —82.3| —71.8}| —60.4 
Mercury....... 126.2} 164. 184.0} 204.6} 228.8) 242 261.7} 290.7} 323.0} 357.0 
Nitric oxide... .]—184.5]/—180.6]—178.2|—175.3|—171.7|—168.9| —166.0]—162.3| —156.8|—151.7 
Nitrogen 

dioxide......| —55.6] —42.7] —36.7| —30.4| —23.9] —19.9) —14.7] -—5.0] +48.0 21.0 
Nitrogen 

pentoxide....] —36.8] —23 —16.7| —10.0 —2.9 +1 7.4 15.6 24.4 32.4 
Nitrous oxide. .| —143.4]—133 —128.7|—124.0}/—118.3}—114 —110.3}—103.6| —96.2} —85.5 
Phosphorus 

trichloride...| —51.6} —31. —21.3} —10.2) +2.3 10. 21.0 37.6 56.9 74.2 
Phosphorus 

pentachloride 55.5 74. 83.2 92.5) 102.5) 108. 117.0} 1381.3] 147.2] 162.0 
Phosphorus tri- 

Oxid@.....-- 39. 53.0 67.8 84.0 94 108.3) 129.0} 150.3} 173.1 
Phosphorus 

pentoxide.... 384 424 442 462 481 493 510 532 556 591 
(rar ee cole 183.8} 223. 243.8) 264.7) 288.3) 305 327.2) 359.7| 399.6] 444.6 
Sulfur dioxide..| —95.5| —83. —76.8| —69.7| —60.5| —54 —49.6) —35.4) —23.0) —10.0 
Sulfur trioxide 

(8) cose sen srs == 30. 0]. — 99. —16.5 —9.1 —1.0) +4 10.5 20.5 32.6 44.8 
Sulfur trioxide 

(B).....-....| —34.0| —19. —12.3 —4.9) +3.2 8. 14.3 23.7 32.6 44.8 
Sulfur trioxide 

(Yirceeces 1-0 —16.8 —2 +4.3 Up ee | 17.9 21 28.0 35.8 44.0 51.6 
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Vapor PRESSURES OF ORGANIC COMPOUNDS ABOVE 1 ATM 





Pressure, atm 





























Compound 1 2 5 10 20 30 | 40 50 60 
Temperature, °C 

Methane, sss <sor-. ne — 161.5] —152.3) —138.3| —124.8) 108.5} —96.3) —86.3 
Ethane................| —88.6] —75.0) —52.8} —32.0} —6.4) +10.0 23.6 
Propane... fo62 > Sate: | 42,1 2b Gs al 4 26.9 58.1 78.7 94.8 
PRA WERIURS Serres ic clei —0.5) +18.8 50.0 79.5] 116.0) 140.6 
AaGbutane ties: os sens —11.7) +7.5 39.0 66.8 99.5} 120.5 
m-Pentanes.)....c das. dos. 36.1 58.0 92.4) 124.7) 164.3) 191.3 
M-TIOXONG, 505-8 sles s 5 68.7 93.0} 131.7} 166.6) 209.4 
n-Heptane............. 98.4, 124.8} 165.7; 202.8) 247.5 
Ethylene.......... ...|—103.7| —90.8]| —71.1] —52.8| —29.1] —14.2) -—1.5) +8.9 
Pranvlenegyes. oe. ses —47.7| —31.4| —4.8} +19.8 49.5 70.0 85.0 
Acetylené' tro. <u stole = —84.0| —71.6) —50.2; —32.7; —10.0| +4.8 16.8 26.8 34.8 
Methylacetylene....... —23.3}) —7.1) +19.5 43.8 74.0 94.0} 111.5) 125.0 
Bensenes..-5... 725 s0ee 80.1} 103.8] 142.5| 178.8} 221.5) 249.5) 272.3) 290.3 
4 OPN ETT) eee Tons Ree 110.6] 136.5} 178.0) 215.8| 262.5) 292.8) 319.0 
Cyclohexane........... 80.7; 106.0} 146.4) 184.0) 288.4) 257.5 
Methanol .oc. «.<3- <2. - 64.7 84.0} 112.5) 138.0) 167.8} 186.5) 203.5) 214.0) 224.0 
Ethanol, ooh <::<¢)-as% +. 78.4 97.5} 126.0) 151.8| 183.0} 203.0} 218.0) 230.0) 242.0 
n-Propanol............ 97.8] 117.0] 149.0) 177.0) 210.8] 232.3) 250.0 
Isopropanol.........-.-.- 82.5] 101.3} 130.2} 155.7| 186.0] 205.0} 220.2) 232.0 
MEA CAO a is eel are 117.5} 139.8] 172.5] 203.0] 237.0} 259.0) 277.0 
Tsobutenold.. . 05 0sies 108.0! 127.3| 156.2} 182.0) 212.5) 232.0) 251.0 
PGND OL se oor 63 Eads ats a0 02 181.9} 208.0) 248.2} 283.8} 328.7| 358.0] 382.1) 400.0 418.7 
Dimethyl ether......... — 23.7 —6.4| +20.8 45.5 75.7 96.0} 112.1] 125.2 
Diathy lather. 26% 22). « 34.6 56.0 90.0} 122.0} 159.0} 183.3 
(ARGLONG A gists ssa Soe - 56.5 78.6] 113.0} 144.5} 181.0} 205.0) 214.5 
Ae RSIGs Ss oes as ss 118.1] 143.5] 180.3] 214.0) 252.0} 276.5} 297.0 312.5 
Propionic acid......... 141.1| 160.0) 186.0] 203.5) 220.0} 228.0} 233.0 238.0 
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Vapor PRESSURES OF ORGANIC COMPOUNDS UP TO 1 ATM 





Pressure, mm Hg 
































Compound 1 | 5 10 20 40 60 100 200 400 760 
Temperature, °C 

Methane....... — 205.9}| —199.0) —195.5|—191.8) —187.7| —185.1| —181.4) —175.5| —168.8] —161.5 
Ethane........|—159.5) — 148.5) — 142.9] —136.7| —129. 8] —125.4| —119.3}—110.2| —99.7| —88.6 
Propane.......|—128.9]-—1i115.4]—108.5)—100.9)| —92.4| —87.0} —79.6| —68.4| —55.6| —42.1 
n-Butane...... —101.5| —85.7| —77.8} —68.9| —59.1| —52.8) —44.2) —31.2} —16.3} —0.5 
Isobutane...... —109.2}| —94.1] —86.4) —77.9| —68.4| —62.4| —54.1] —41.5}) —27.1] —11.7 
n-Pentane..... —76.6| —62.5| —50.1) —40.2) —29.2} —22.2) —12.6; +41.9 18.5 36.1 
n-Hexane......| —53.9| —34.5) —25.0) —14.1 —2.3} +5.4 15.8 31.6 49.6 68.7 
n-Heptane..... —34.0}) —12.7) —2.1) +9.5 22.3 30.6 41.8 58.7 78.0 98.4 
Ethylene...... — 168.3] —158.3| — 153.2) — 147.6] — 141.3] —137.3] —131.8] —123.4} —113.9| —103.7 
Propylene..... — 131.9} —120.7| —112.1]—104.7| —96.5| —91.3} —84.1] —73.3} —60.9| —47.7 
Butene-1...... —104.8) —89.4) —81.6) —73.0| —63.4) —57.2) —48.9) —36.2} —21.7) -—6.3 
Pentene-1...... —80.4| —63.3) —54.5) —46.0} —34.1] —27.1] —17.7 —3.4) +12.8 30.1 
Acetylene..... — 142.9) —133.0| — 128.2) —122.8) —116.7| —112.8} —107.9]—100.3} —92.0] —84.0 
Methylacetylene| —111.0| —97.5| —90.5| —82.9| —74.3| —68.8] —61.3| —49.8| —37.2] —23.3 
1-Butyne...... —92.5) —76.7| —68.7| —59.9} —50.0} —43.4| —34.9] —21.6 —6.9| +8.7 
Benzene.......| —36.7| —19.6| —11.5| -—2.6] +7.6 15.4 26.1 42.2 60.6 80.1 
Tolvene=.2. o> —26.7| -—4.4, +6.4 18.4 31.8 40.3 51.9 69.5 89.5} 110.6 
o-Xylene....... —3.8] +20.2 32.1 45.1 59.5 68.8 81.3) 100.2} 121.7) 144.4 
m-Xylene...... —6.9} +16.8 28.3 41.1 55.3 64.4 76.8 95.5) 116.7| 139.1 
p-Xylene...... —8.1} +15.5 27.3 40.1 54.4 63.5 75.9 94.6) 115.9] 138.3 
Cyclohexane...| —45.3} —25.4] —15.9] -—5.0] +6.7 14.7 25.5 42.0 60.8 80.7 
Methyleyclo- 

hexane...... —35.9] —14.0) -—3.2] +48.7 22.0 30.5 42.1 59.6 79.6} 100.9 
Methanol...... —44.0) —25.3}) —16.2) -—6.0} +5.0 1221 21.2 34.8 49.9 64.7 
Ethanol....... —31.3/ —12.0) -—2.3} 48.0 19.0 26.0 34.9 48.4 63.5 78.4 
n-Propanol....} —15.0|) +5.0 14.7 25.3 36.4 43.5 52.8 66.8 82.0 97.8 
Isopropanol....| —26.1] —7.0} +2.4 12.7 23.8 30.5 39.5 53.0 67.8 82.5 
n-Butanol..... —1.2) +20.0 30.2 41.5 53.4 60.3 70.1 84.3) 100.8) 117.5 
Isobutanol..... —9.0) +11.6 21.7 32.4 44.1 51.7 61.5 75.9 91.4} 108.0 
Ethylene glycol 53.0 79.7 92.1) 105.8) 120.0} 129.5) 141.8] 158.5] 178.5] 197.3 
Glycerol.......] 125.5] 153.8] 167.2} 182.2} 198.0] 208.0] 220.1] 240.0 263.0] 290.0 
Phenols...+. .. 40.1 62.5 73.8 86.0} 100.1) 108.4} 121.4] 139.0] 160.0} 181.9 
Ethylene oxide.| —89.7| —73.8] —65.7| —56.6]| —46.9| —40.7 —32.1] —19.5) —4.9] +10.7 
Dimethyl ether.|—115.7]—101.1| —93.3] —85.2| —76.2| —70.4| —62.7 —50.9| —37.8] —23.7 
Diethyl ether. .| —74.3| —56.9]| —48.1] —38.5} —27.7| —21.8| —11.5 +2.2 17.9 34.6 
Formaldehyde..|......./....... —88.0} —79.6) —70.6} —65.0| —57.3] —46.0| —33.0 —19.5 
Acetaldehyde...| —81.5| —65.1| —56.8]| —47.8| —37.8| —31.4| —22.6 —10.0) +4.9 20.2 
Acetone....... —59.4| —40.5| —31.1] —20.8) —9.4;) —2.0| +7.7 22.7 39.5 56.5 
Formic acid....} —20.0| —5.0| 42.1 10.3 24.0 32.4 43.8 61.4 80.3) 100.6 
Acetic acid....| —17.2) +6.3 17.5 29.9 43.0 51.7 63.0 80.0 20-0 228 1 
Propionic acid.. 4.6 28.0 39.7 52.0 65.8 74.1 85.8} 102.5) 122.0) 141.1 


Appendix E 


PHYSICAL PROPERTIES OF ORGANIC 
COMPOUNDS” 













Waa Normal Normal 
Name State | Formula weieht melting boiling 
point, °C | point, °C 

IWLGLPIATIO tS erat tere ns oreo g CH, 16.04 | —182.48 —161.4 
EIn Ast taloy. 2” (ho Aen ena on eer g CoH. 30.07 | —183.23 | — 88.6 
IPTODANG eve Fens we oe ones ea g C3Hs 44.09 | —187.65 | — 42.2 
Wi- Butane acters igs edeersie ss g Cui 58.12 | —138.33 | — 0.6 
NSO tame eens. crcl estes Aeon eats g C.Hi0 58.12 | —159.6 — 10.0 
M~E EMNGATIO Hee Ole ciciaiosss oh hav arts auanie l C;Hie2 72.15 | —129.72 36.3 
ied eb 4:5 atc gpa SR ae ae eee RS l CeHi4 86.17 | — 95.32 69.0 
M-HeEPVANGa Ney a.o4K ors wt rads Sus l C7Hie6 100.20 | — 90.6 98.4 
th lene ee seca yaevatssies sre) UW C2H, 28.05 | —169.15 | —103.9 
Propylene. sere eens 1g C3H¢6 42.08 | —185. 
BUtENe= lee eee aad eae! Gf C.Hs 56.1 —185. 
jefvent siete Lee, od oy ly ee eRe qg CsHio 70.13 | —165. 
ABOU V LOTS ME p ie Rioerelan ais xi0 sie > ok g C.He 26304" |" Vaan es 
Methylacetylene............... g C3H, 40 .06 
Deeb Ike Sere ena rer areas etna ys g C.He 54.09 
POISONS eee die wie re esate eies l CoH. 78.11 5. 
TEN ST RMON soi She 8 Dame l C;Hs 92.13 | -~-95 
Dey LEAS ster alse Bf casting ooh ae l CesHio 106.16 | — 25. 
WARY ENO a ae ne Soe ee ls l CsHi0 106.16 | — 47. 
p-Xylene eee So Se ee l CsHi0 106.16 13. 
CVClORCEAUG I iiss cols cece as > l CeHi2 84.16 6. 
Methylcyclohexane.............| 1 C74 98.18 | —126. 
Wet Danial ails sca asistencia l CH,O 32.04 | — 97. 
Ethanol Set EPH erp 15 ea bie © Soa ge als l C.H,O 46 .07 —114. 
fie PLOPAMON oie ia.e ei oes aoe l C;H;0 60.09 | —127 
eee Ce a a rte Me C;H;0 60.00) aaleas 
EC ere ee me | C.Hi00 74.12 | — 89 
RaSTtANSN Ts wires ois On a ei di ca l C,H 100 74.12 | —108 
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: Normal Normal 
Name State | Formula melting boiling 
point, °C | point, °C 
REV LONE: PIV CON: i gtervcias aad «eed one CeHeOs ip 622001) eae 197.4 
Glycerol eee er ee l C3H:03 290 
Phenol eed be eee ee ene c C.H,.O é 181.4 
Ethyvlene,oxidesnra. 47 eae g C.H,O 
Dimethy] ethersts <4..0%, . eh? g C:H.O : — 23.7 
Dhiethyliether mea ee se l C,H1.0 : 34.6 
Hormaldehyde ws. .en eee g CH.20 -— 21 
Acetaldehiyde:sc...),.e ¢. ese l C:2H,0 : : + 20.2 
INGOLOUGA aaa eee ee eee l C3;H,.O é + 56.5 
OrMnNC ACG eerie eee l CH202 ; 100.8 
AGEGIC: ACIC cements Mice etar cok l C.H,O2 ; 118.1 
Pripionic. acidteysn tee ees. 2: l C;H,O2 141.1 


* From N. A. Lange, ‘‘Handbook of Chemistry,’ ‘‘Handbook Publishers, Inc., 
Sandusky, Ohio, by permission of the publishers. 


Appendix F 


LATENT HEATS OF FUSION AND 
VAPORIZATION OF ORGANIC 
COMPOUNDS* 





AH of fusion,f | AH of vaporization, f 


Name 





kcal/gmole keal/gmole 

Methane wots c 7 cals eee ee 0.2550 1.955 
HOUND ATOR ees forcisiec Ciao ais cress 0.6838 3.514 
Propanerrre..s.. sk ecco 0.842 4.487 
M1 BUUANO ANA eon Gow fale ise cere 1.114 5.352 
Isobutane: ese... a: 6-- yearn 1.085 5.089 
#1 F CNEAT OP Sates sos ers re ed Oh 2.011 6.160 
T= FIGKAR GS ee eis noone oa hx 3.114 6.935 
m-=Heptaneermesna sa. 8 eis 2 3.358 7.660 
POG GGG ater neste wre ites ere basis 0.801 3.327 
Bropylenettesee. circ oc hans 0.718 4.402 
Brbeniee toy ete a ante doe ier Seah 0.920 5.237 
Pantanal te cies oss 1.180 

ACOGY ERO rt erento is spe ae wis 0.600 

om ESAS AO ete oes ovcile oie tereies = 2.207 

BGricGnGrea ae oa aces enone 2.351 7.353 
EP OHGTIG IN icih fits eee 1.582 7.997 
De VOU Bete ces oa ctw a cies « 3.250 8.801 
$= VICDO RE tates tests oe Le 2.765 8.705 
PaO IOG Merle cbs, 286 Seer ae 4.090 8.620 
GLEAN or ata farce tshene eine 0.637 7.204 
Methyleyclohexane..........- 1.613 7.550 
iT 70) (ae Se a ee eee 1.187 9.410 
Methanole ees 2 c.s ena 2912 515 a 0.759 8.420 
WELOOMIMN ees oy sks akesn aed) SASedss 9.876 
Jeopropanolsc 4. ...020056 504% 1.267 9.575 
n-Butanol 10.470 
Isobutanol 
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AH of fusion, t | AH of vaporization, t 


Name keal/gmole keal/gmole 
Hithyienerely cols. ee 2.685 11.863 
GLY. COLO) inetias one ete 4.373 
Phenol Jota eet yy 4 
Diethyethersesece, oe ee 1.745 
ormic Aci sates acer 200 
AceticAcld ..340...c88 4-4 taes 2.803 


* From John H. Perry (ed.), ‘Chemical Engineers’ Handbook,’ 3d ed., McGraw- 
Hill Book Company, Inc., New York, 1950. 

The values for the hydrocarbons are from the tables of the American Petroleum 
Institute Research Project 44, National Bureau of Standards, with some from G. S. 
Parks and H. M. Huffman, Ind. Eng. Chem., vol. 23, p. 1138, 1931. 

The values for the nonhydrocarbons were recalculated from data in “International 
Critical Tables,’”’ vol. 5, McGraw-Hill Book Company, Inc., New York. 

t Reference state is normal melting point. 

t Reference state is normal boiling point. 


Appendix G 


STANDARD ENTHALPIES OF FORMATION 
OF ORGANIC COMPOUNDS* 





AH of formation at 
ea ae 25°C, kcal/gmole 

Methane: Wier 2 ss.strcrecagtes cts - g —17.889 
Fipbaneeesaas: <r. ates «|| eG — 20.236 
ETODAnC a wera eer eee! — 24.820 
Ria SULA Oo orcs6 Cock als aetna eer g —29.812 
[sobutane eee. <r eee g —31.452 
Wi LONLANG waco aac ee eit g —35.00 

n-Ventane sins cites 2 ets de l —41.36 

Mie HOXANe sane sos tee ee coke | eG, —39.96 

Wi TEXAG Seer errs ee l —47.52 

1-HeEp tae eee ote eae ae: g —44.89 

n-Heptane. l — 53.63 

Tethylenoseber occ bao see ces g 12.496 
Propylene sen, <icocre. eine oe > g 4.879 
Buteneele asec w- eit eee oe g 0.280 
Penherie=k oe eds <0 aeot cane ier g —5.000 
PMN ft) We ae RR ene cree g 54.194 
Methylacetylene............. g 44.319 
PR ELi ANU eemenr eee ieek eee ae g 39.70 

Benzene f.5- hess ob aoe sete oe g 19.820 
PMMA ticils vce res a Lis 1s 
TOMNENGS. ss a rice yaa g 11.950 
LONFONG woes Petula se aie Flas a8 l 2.867 
Dam VIGNOs taste i. etn. cos do sess g 4.540 
oe | ee one free ce l —5.841 
Wie MNICNE Re 5s sevice ees «et g 4.120 
WM-~RVICNO 4.2. 5 ove nn ce wpe sn » l —6.075 
WAGONS, odin cc een ds ern edies g 4.290 
p-Xylene........--ee ee eeeeee l —5.838 
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* From John H. Perry (ed.), ‘‘Chemical Engineers’ Handbook,” 3d ed., McGraw- 
Hill Book Company, Inc., New York, 1950. 

The values for nonhydrocarbons are largely from E. I. du Pont de Nemours & 
Company, Ammonia Department, Chemical Division Experimental Station. 

The values for the hydrocarbons are from the tables of the American Petroleum 
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Cyclohexane.........--..+--: 
Cyclohexane.........-----++> 
Methylcyclohexane........... 
Methylcyclohexane....-...... 
Methanol ee eee ee 


Winanols..1. eee. Se ee 
RaPLOMADON F65 gee de fey a 
h-Propanls.c tek 14 Pee sy s 
Tsopropanol <= 00k 5 es 5 sa 
Isopropanol............ 6.5.5. 
FIs DULATLOL ie ee ee 
m-Dutenoleee: eee i ae 
Tsobutanoleevae eee 
Tsobatanol. seen ee 
Ethylene giycol...........+.- 
Ethylene glycol.............. 
Shy oerilecs ncoesc ee se Se 
Phenol meeteett sss pene tet 
Phenol eet te net rere cre eter 
PRR VlOnO ORIG: coe <.e.50 ee as 2 
Dimethyl ether.............. 
Dimethyl ether.............. 
Miewhy vetnenaccrc errant 
Hormaldelnydenancc sence rer 
Acetalaeny OGas< se) see a 
Acetone aso eee 
Acetone merrriee ts eo tes 
Formic acid. a senses a 
HOrmiciaciG sete cn eee 
Acetic acid here ace en re 
Acetic acid -encesen ca ne 
Propionic acid. 

Propionic: Ald vcntes = fe <ie coens 














AH of formation at 
25°C, kcal/gmole 





Institute Research Project 44, National Bureau of Standards. 


Appendix H 


STANDARD ENTHALPIES OF COMBUSTION 
OF ORGANIC COMPOUNDS* 





Net AH of Gross AH of 
Name combustion at combustion at 
25°C, keal/gmole | 25°C, kcal/gmole 

Methanesc.- can atc. |ea 9 —191.759 —212.798 
Hithanena ate ace g —341.261 —372.820 
FropanGwe eee ee g —488 .527 — 530.605 
-BUtane a alere cles 5 eI g — 635.384 — 687 .982 
ISODUtANG seer ee amet — 633 .744 — 686 .342 
M-Lentanes-eracs ses ce lh og — 782.04 — 845.16 
#1 PENtane ne. erate c var l —775.68 — 838.80 
MmTACKAMC 1) ae reais sel g —928 .93 — 1002.57 
M-TEX ANGI. coer ete rau rs a l —921.37 —995.01 
N-Heptane ieee Fe g —1075.85 —1160.01 
n-=Heptane....2. 5 5c. dune l — 1067.11 —1151.27 
Uy lene sae nae oo g —316.195 —337 .234 
Propylene: ..45-2 46-5) °G — 460.428 — 491.987 
Le ityra red We aa ene || = ay — 607 .679 —649.757 
Pentene-10- eee eg, —754.25 —806.85 
Acetylene snaissiee as ae —300 .096 —310.615 
Methylacetylene.........| 9 — 442.070 — 463.109 
DEE Y ING arco sees ante oo g — 589 .302 — 620.86 
IBGNzEN Ge asi st dao g —757 .52 —789.08 
EN ZOTIC Mi ncds Are serach core l —749.42 —780.98 
PDOMMGHG Nitric ce tet as wien g —901.50 — 943.58 
PPOluede. Nene incest l —892.42 —934.50 
o-Xylene g —1045 .94 —1098.54 
o-Xylene l —1035.56 —1088.16 
WR DEV ENO iat nserh. ees oe g — 1045.52 — 1098.12 
Lo Sy lo a aE RE l —1035 .32 — 1087 .92 
eI GUOOD a5 dines cases hs g —1045.69 —1098.29 
p-Mylene........20+-5+: l — 1035.56 — 1088.16 
Cyclohexane...........- g — 881.67 —944.79 
(a a 
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‘Net AH of Gross AH of 
Name State | combustion at combustion at 
25°C, kcal/gmole | 25°C, kcal /gmole 





Cyclohexane............ 


l — 873.76 — 936.88 
Methylcyclohexane...... g — 1025.95 — 1099.59 
Methyleyclohexane...... l —1017.49 —1091.13 





* From John H. Perry (ed.), ‘‘Chemical Engineers’ Handbook,” 3d ed., McGraw- 
Hill Book Company, Inc., New York, 1950. Taken from the tables in Collection, 
Analysis, Calculation, and Compilation of Data on the Properties of Hydrocarbons, 
American Petroleum Institute Research Project 44, National Bureau of Standards. 


Appendix | 


PHYSICAL PROPERTIES OF INORGANIC 
COMPOUNDS" 











Name State Formula Fora pepe! Boiling 
weight point, °C point, °C 

Alen nis e285. a c Al 26.97 660 2056 
Aluminum bromide...... c AlBrs 266.72 97.5 268 
Aluminum chloride...... c AICl; 133.34 
Aluminum hydroxide.... c Al(OH): 77.99 
Aluminum oxide 

(corundum)........... c AloOs 101.94 2045 3000 
IA OTNM. faye eels is 2s 9 NH; 17.03 —77.1 —33.4 
Ammonium bromide..... c NH,«Br 97.96 542 (Subl) 
Ammonium chloride... .. c NH,Cl 53.50 350 (Dec) 520 (Subl) 
Ammonium nitrate...... c NH.sNO; 80.05 169.6 210 (Dec) 
Ammonium hydroxide... aq NH,sOH 35.02 
Bromin@s2s.5..°<s<s205. - l Br2 159.83 —7.2 58.78 
CMlOII I: redrenchen So c Ca 40.08 851 1487 
Calcium bromide........ c CaBrz 199.91 760 810 
Calcium carbonate 

(OS1CItG) ake ae es co c CaCO; 100.09 825 (Dec) 
Calcium carbonate 

(dolomite): 2 cess. «>> c CaCOs;MgCO;| 182.42 730-760 (Dec) 
Calcium hydroxide...... c Ca(OH): 74.10 —580 (— H:0) 
Calcium sulfate..... c CaSO, 136.14 1297 
Calcium sulfide.......... c CaS 72.14 
Carbon (graphite)....... c Cc 12.01 3500 4200 
Carbon (diamond)....... c Cc 12.01 3500 4200 
Carbon monoxide... 9 co 28.01 — 207 —192 
Carbon dioxide.......... g CO: 44.01 — 56.6 (5.2 atm) —78.5 (Subl) 
Carbon disulfide... .. 9 CS: 76.13 —112 46.3 
Ferrous bromide......... ¢c FeBrz 375.51 
Ferric bromide.......... aq FeBrs 535.43 
Ferrous chloride..... c FeCl: 126.76 627 1026 
Ferric chloride.......... c FeCl: 162.22 282 315 
Ferrous oxide........ c FeO 71.85 1420 
Ferric oxide.......-- c Fe20O. 159.7 1560 (Dec) 
Ferroso-ferric oxide. . c Fe,0O4 231.55 1538 (Dec) 
Ferrous hydroxide. . c Fe(OH): 89.87 
Ferric hydroxide... c Fe(OH): 106. 87 500 (—}94H20) 
Ferrous sulfide. . c FeS 87.91 1193 Dec 
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Name 


Iron sulfide (pyrites)..... 
Ferrous sulfate.......... 
Ferric sulfate........... 
Hydrogen bromide...... 
Hydrogen chloride....... 
Hydrogen cyanide....... 
Hydrogen peroxide...... 
Hydrogen sulfide........ 
Magnesium bromide.... . 
Magnesium carbonate... . 
Magnesium chloride... . 
Magnesium hydroxide 
RPG) ic arctate eeteeh crane 
Magnesium nitrate. 
Magnesium oxide........ 
Magnesium sulfide..... 
Magnesium sulfate...... 
INIGNIOACIO cot cckis sce 
NitriGiOxide@.c.cc.06 005 05 
Nitrous oxide........... 
Nitrogen dioxide........ 
Nitrogen tetroxide..... : 
Nitrogen pentoxide...... 
Ovone 2ovewoh ese 
Phosphorus (white)...... 
Phosphorus (red)........ 
Phosphorus 
Phosphorus 
Phosphorus tribromide.. . 
Phosphorus trichloride. . . 
Phosphorus pentachloride 
Potaestni.;....-2s4-n- 
Potassium bromide... 
Potassium chloride..... 
Potassium cyanide....... 
Potassium carbonate..... 
Potassium bicarbonate. . . 
Potassium nitrate....... 
Potassium oxide........ 
Potassium hydroxide..... 
Potassium phosphate. ... 
Potassium sulfide........ 
Potassium sulfate....... 
Sodium bromide........ 
Sodium cyanide......... 
Sodium carbonate..... 
Sodium chloride....... 
Sodium bicarbonate...... 
Sodium nitrate.......... 
Sodium oxide........... 
Sodium peroxide......... 
Sodium hydroxide....... 
Sodium phosphate....... 
Sodium monosulfide..... 
Sodium sulfite........... 
Sodium sulfate.......... 











State 


Formula 


Formula 
weight 


Melting 
point, °C 


Boiling 
point, °C 


ag, 400 


eananianononanaanneaanwrnQaoaanaeantsdanaeaegaanaas 


—] 
2 


eaannenanoanaanaaaasaaaa 


FeS2 
FeSO, 
Fe2(SO.)s 
HBr 
HCl 
HCN 
H202 
H2S 
MgBr:z 
MgCO; 
MgCl: 


Mg(OH): 
Mg(NOs)2 
MgO 

Megs 
MgSO. 
HNO; 
NO 


Na2SO; 
Na2S0O,4 


119.97 
149.91 
399.88 
80.92 
36.47 
27.03 
34.02 
34.08 
343.98 
84.43 
95.23 


1171 


480 (Dec) 
— 86 
—111 
—14 
—0.89 
—82.9 
711 
350 (Dec) 
712 


Dec 


2642 


100-200 (Dec) 
129-333 (tr) 


360 
1340 


1074 
755 
563.7 
851 
800.4 
270(—CO:) 
308 

Subl 
Dec 
318.4 

1340 

920 
Dec 


Dec 


—151 


—112 


417 


74.2 
160 (Subl) 
776 
1383 
1407 
Dec 
400 (Dec) 


1327 


1390 
1496 
Dec 


380 (Dec) 


1390 


Name 





Sulfur (rhombic)...... 

Sulfur (monoclinic)...... 
Bulfar (Aji.aes,. 202s cae 
Bulfar ood thas ce So isias 
Bulfrieesee ns esetes 3. 
Sulfur tetrachloride...... 
Sulfur monochloride..... 
Sulfur dioxide........... 
Sulfur trioxide (a)....... 
Sulfur trioxide (8)....... 
Sulfur trioxide (y)....... 
Sulfur oxychloride....... 
Zinc bromide........... 


Aine chlorides. xcs cross 
Zine Nitrate. ..ns seen: 
ANG OXIGG o5.275)6 sarc '6"snene 

Zinc hydroxide.......... 
Zinc sulfide............. 
Zine sulfates. 5.7.5 9.:2.41+ « 
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Melting 
point, °C 


301 


Boiling 
point, °C 


———$—$—$—$—$—— | = 
—— | 
—_—_—_—————uUuUWi i 


c 
c 
l 

9 
g 
l 

l 

g 
c 
c 
c 
l 

c 
c 
c 


ag, 400 
c, hexagonal 
c, rhombic 
c, wurtzite 

c 


Zn(NOs): 
ZnO 
Zn(OH)s: 
ZnS 
ZnSO« 


112.8 (Ss) 
119.0 (Ss) 
120 


—30 
—80 
—75.5 
16.83 
50 
62.2 
—54.1 
394 
300 — (COs) 
283 


1975 

125 (Dec) 
1645 

740 (Dec) 





444.6 
444.6 
444.6 


—20 (Dec) 
138 
—10 
44.6 


69.1 
650 


732 


1185 (Subl) 


* From N. A. Lange, ‘‘Handbook of Chemistry,’’ Handbook Publishers, Inc., Sandusky, Ohio, by 
permission of the publishers. 


Appendix J 


LATENT HEATS OF FUSION AND 
VAPORIZATION OF INORGANIC 
COMPOUNDS* 


AH of fusion, | AH of vaporization, 


rane keal/gmole kcal/gmole 


55 61.02 
Pia 5.46 


.48 13.38 
.352 5.581 


FALIIYIIT UTE ree 
Aluminum bromide.............. 
Aluminum chloride.............. 


.57 7.42 
.23 36.58 


Bromineteencncrdsiycs aes cen 
Galolum= weneiewe e : 

Calcium bromide... .- 640944. 22 
Galeitinteehlorides...4. See ee 
Walanim nitrate vans. aoe oe. oe 
Calcium oxide...... ee ee SS 1 
Calcium sulfate...... 

Calcium carbonate. . 

Carbon graphite... . 

Carbon monoxide. . Aree 
Carbon dioxides...14.5 nee. 
Carbon disulfide................. 
Ferrous chloride................. 


— 
NOSKMONK ROR NANAGDENNE HK ONL 
~] 


2 1.444 
.90 6.030 (Subl) 


8 30.21 





Morrie shloridée anf. oh bo ea 10.3 6.02 
Ferrous pulsides.. 255 v2 os ay wax 5 0 

Hydrogen bromide.............. 575 4.21 
Hydrogen chloride............... 476 3.86 
Hydrogen cyanide...%........... .009 6.027 
Bvdrogen neresiders.. Gucteccs. 1) Uhce mn 10.27 
Hydrogen sulfide................ 0.568 4.463 
Magnesium bromide............. 8.3 

Magnesium chloride............. 8.1 32.69 
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AH of fusion,} AH of vaporization, 





Name 
keal/gmole keal/gmole 

MaGNesIUMZOZING +, 72.02 20754 2 ha" 18.5 
Magnesium sulfate.............. 3.5 
INVUIOP ACIDS. 5 siece «o's see ees 0.6 
INTREOUS OXICO tare meric ce oes 1.563 3.950 
INTUPIGEOXICG see ico eer 5 cena 0.550 3.307 
Nitrogen tetroxide js... a2. | ae 5.54 7.04 
Nitrogen pentoxide..225,.°. <sfccs} tele. 13.8 (Subl) 
Osone ze. co eee ee ela eeeeee ons 2.88 
Phosphorus ee 54 ee 0.615 12.52 
Phoephoras:(yidlet) iy..0... 220.5 ioas|s 7 nae oe 25.6 (Subl) 
Phosphorus (bisek)s.03).5045 25-25) Scone 33.10 
ey lalla jh 0 t+ Bgaae aie neg a ae 2.52 
Phosphorus trichloride..........., ....-. 7.28 
POUASBIUIN Corsi cree ir cise iele ects 574 18.92 


0 
5.0 37.06 
6.41 38.84 
Potassium carbonate............. 7 
Potassium hydroxide............. 2.0 30.85 
Potassium phosphate............ 8.9 
Potasstum cyanide: ©. 5262 5.266 3 
2 
8 
6 





Potassium nitrate............... 84 

Potassium: sulfate. o....<.56...2.5 ai 

Bodine Dromide@resss. 1s) foe ae oe 14 37.95 
Bigguy GYANICG..00056c20eeue sal tes ees 37 .28 
Sodium carbonate...........-..- 7.0 

Sjdmim ehlonde:-s us: eee a3 Tece 40.81 
Sodium hydroxide...<...+.).-.... 2.0 

Sodium nitrate............ 3.76 

Sodium monosulfide............-. (1.20)t 

Salfar (rhombio).. 6.6 csese eed]! vm ase 20.2 
Sulfur monochloride...........--| «+--+: 8.72 
SniftiedioxidGse st seek ho nee 1.769 5.960 
Sulfur wioxide (a). ...-2 455525". 2.060 10.190 
Balti mriOxIGOn(B)i. vc .)-e eerie se - 2.890 

Sulfur trioxide (y)......-...++-+- 6.310 

Sulfur oxychloride..........-----| «sees: 7.76 
WATER: Soon Gees as Senate © 1.436 9.729 
TMi BIOTIOOs aoe deine 3s ae oes 5.50 28.71 
ffi icoy ait Foye ae Sapte ERIE eae 4.47 

Zine sulfide (wurtzite)........--- 9.00 


Rs eS 
* From John H. Perry (ed.), ‘‘Chemical Engineers’ Handbook,” 3d ed., McGraw- 
Hill Book Company, Inc., New York, 1950. Most values are from the compilations 
by K. K. Kelley, Heats of Fusion of Inorganic Compounds, U.S. Bur. Mines Bull. 
393, 1936, and The Free Energies of Vaporization and Vapor Pressures of Inorganic 
Substances, U.S. Bur. Mines Bull. 383, 1935. 
t (_ ) signifies uncertain value. 


Appendix K 


STANDARD ENTHALPIES OF FORMATION 


OF INORGANIC 


COMPOUNDS* 








AH of formation at 
Name State 25°C, kceal/gmole 

ALIN UTn Rene cet e ter ices aoe Ra Ree c 0.00 
Aluminum: Promide:..2:.,...-2...25.0--- c —123.4 
Alumimum/rehloridé............<+#s5s6:.- c —163.8 
AlimMEniNOxIGG see ey. on ee ee c, corundum —399.09 
Aluminum hydroxide.................... c —304.8 
SAINI OTIS Ware tes ce, leone. RV aS, sone g —10.96 
AMMONIUM DrOMiGes we 0.25. ae eee c — 64.57 
AMIMONUMMGGDIONGGs se ee ace c —75.23 
AMIINOMUUINHICrALG ee ree a eee oe oe c — 87.40 
Ammonium hydroxide................... aq — 87.59 
BPGInING eter reise cc tee a te eee l 0.00 
IDTOMING sore hoe een eT g 7.47 
Calctunt eee eee in oe ee me c 0.00 
Calctum bromidess eee. eee eee c —162.20 
Calcium chloride ayers ane oe ee ee c —190.6 
Calctum: ¢arbonatdsados.5.¢< oss dkwhukc. ok c, calcite — 289.5 
DOlOmMIGe: ne on See ea ee ae c —558.8 

A MMIOITEY SUTPBEOS 0 Gru 7 ese Wh c-Si c — 224.05 
CMIAIOI OIG Lue oh craks pon ete ee c —151.7 
Waletum Ihydroxidé...)... jen h eo eee se cee c — 235.58 
Calcium Bullies peat: eke nee c —114.3 
Walorum sullates see we eee c, insoluble form — 338.73 
Carbon: (grapmitele ae cen. ..405 cae ok | c 000.00 
Carbon (diamiond).% ...2.<. 2.) cats... J c 0.453 
Carbon monoxide: ¢ oi .siuds sca s g — 26.416 
Carbon dioxide...........5...... g —94.052 
Carbon disulfide................ g 28.11 
Berrovs. bromides ban... i ene C —57.15 
Forms bromide ree sc sic are ee aq —95.5 
Werrous CHIOTIC€, 455,055.09 bi a ee c —81.9 
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APPENDIX K (Continued) 


| : 
Name State AH of formation at 
25°C, kceal/gmole 





Mermcrchiorides. fs am os. ka. 0. oe eee c —96.4 
ORS NIOO sca ita ysis bys 3s a ee Gs c —~64.62 
| cia fogs oo Ls [AOS aR a Oi eRe fe c —~198.5 
Ferroso-terric OX1G6:..0.<. 0; 6 0605 .5s see 0: Cc —266 ‘9 
Pamnous sD YVOLOxiGe wea: < Ahora Sees oe c —135.9 
Merrie pn VOLORIC Onsen eitiee se cevcier aioe as c —197 3 
pees 2 io Cae ee ors ee c 22 64 
TROt selec, cc Heit tn ear roe etagk c, pyrites —38.62 
Ferrous isuilsvemen ete cree eres. ee c oS 
Merrieimulistenm et. atte «emote ser ere ote ag, 400 —653.3 
Piviromen Drmaess a... os. ves eet Se Ee g —8.66 
Piycro@ol CMONiGG. 6.5 sao sy om Ss SS g —22.063 
Pivdrogenl cyanide come eit se cs ei etre 9 ahha 
Labyobgoy eirigeniginavte (yee: et IMAM, 3 ey oleh nee l 25.2 
Fivdropen PErORIGG 65 'ipeiccc oe a cy lk oe es 88 l —45.16 
PE apOmee MUO. ee csi os ac Mats, ze fers g aT 
Magnesium bromide....................- c ASG 
Magnesium carbonate.................... c —261.7 
Magnesium. chloride... <<... v2n0s0 ices des c —153 .220 
Pa nserpeitiies MUTASE Gs 6a > sro nse ee re os (é — 188.770 
Riawneenits GORING. 5 eo fees xh sy cs winds «ss c — 143.84 
Magnesium hydroxide..................- — 221.90 
Magnegnmd sulfide) 5772 ore 6s oh Ses oes —84.2 
Mia rticanart MiUlAter S22 ewe wiije totem dos —304.94 
IN TkrOURIONIG CH be es Giese 5.274 td os 19.55 
INGEriG ORIG eerie Ata ties. ys) aie sisters aes ere 21.600 
Witro@et MUOMING ec 25 aes. os eed tee 7.96 
Nitroiver SetrOXIde . seine oe ee ge me nes 2.23 
DiRPOMEN TOTLOTIIG 656 oes ca does es —10.0 
INGEST i ate css oe ae i ee are —31.99 
IVTETAG HOI ee as one ee ery -s <9) < ray cemmerera ts —41.35 
WzONe ee re Sa as aries 33.88 
PISANI sort canes nines pcs Sys eos 0.00 
PR aN eee ce eae Seles gee ys © Be —4.22 
PROGPROLUG «3, 2A ek oh mds cece ees des g 150.35 
Phosphorus tribromide................--- l —45. 
Phosphorus pentabromide c —60.6 
Phosphorus trichloride.............------ g —70.0 
Phosphorus trichloride..............-++-: l —76.8 
Phosphorus pentachloride g —91.0 
Phosphorus pentoxide...........-...+++-- c —360.0 
Phosphoric acid.........-....-+eeeseeee- c —306.2 
Pataasiint tt, en es ca oe vise a sien > c 0.00 
Potassium bromide............ Te Reece ee c —94.06 
Potassium chloride............--++++++:: c —104.348 
Potassium cyanide............---++++++++ c —28.1 
Potassium carbonate...........----++++:> c —274.01 
Potassium bicarbonate............-+-++++> c — 229.8 
Potassium nitrate...........--ssseeeeees c —118.08 
ne —86.2 


Potassium Oxide........-..ssceeeeecreres 
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AH of formation at 


Name 25°C, keal/gmole 
Potassium hydroxide...............-55++: — 102.02 
Potassium phosphate.............--+-++: —478.7 
Potassium AUide..26-s6s re eskeae  s c —121.5 
Potasattin SULtALG mere eae raed er ie ee c —342.65 
Sodium. bromides .s.caeci.a are eee c — 86.72 
Sodium cyanide..........:0.s5sseseeeees c —22.47 
Sodiirid CArvOuUate. weak. css coy eens eee c — 269 .46 
Sodium chiorid@.w..2 4: os eee c —98 .321 
Sodiumibicarbonate.... 2-45 noe eee <> c — 226.0 
Singur RItEALO sree het chen Mare yates c = lh ney t 
Sodium: OX IGE ets se a ie aarp c —99.45 
Sodium peroxide: 27... 1.056 eee ee eee ee c —119.2 
Sodium WYURGKIGE, 605 ses pee oe ore ss hn c —101.96 
Sodium phosphate..............+2+-0e00: . —457. 
Sodium) MONOSUIde ete ete etc ee c —89.8 
Sodiumsulnite sates. Ge en tate ae c — 261.2 
Sodium sulfate.s.0 se cerns ee ees c — 330.50 
TTL AV cnet SOAS T IP, J ot oa Ra Beers, ha are eae c, rhombic 0.00 
Sulfur c, monoclinic —0.071 
Bolfuraee sa ie eis cee enemas Ld 0.257 
Stal fare cactts rs Serato okee saw chore le tates ora g 53.25 
Sulfur tatracwlorideGus a: vss ies ete cae eee l —13.7 
Sultan mMOvoOchlorides: tert) iio eae es l —14.2 
Bulftrdichloridew eres «sic oe ens oe l —24.1 
Siilitr MONORIGO. enrieotas thereto ein vee re g 19.02 
SULT IO KIC G ter rete Chartier, ci malecancrerani: hates g —70.94 
Sulfuritrioxide ser weeasrc seis ers se g —94.39 
Sulfur riowlde sss. ss as cues oe ee ee l —103 .03 
Sulfur toxemia. enteric ene C, @ —105.09 
Bulhit Trios yo ewes ws ee soe ce ees c, B —105.92 
Bulftr trioxide seer kece. erro s c, —109.34 
SulfuricuoOxVCHloride sce «ene eee g — 82.04 
Bulturigsoxychlonaeeeen cc. lena see «eo l —89.80 
STULrOUS CIO Wee tie cee neers aq, 200 —146.88 
WVBR reps terie kita ek a Sorc lien arg chara RING or g —57.798 
We Geni Oy eer ancticsoeauee nie St oc kyeis oNafatni aan l — 68.317 
ZANIGS DROMIGO wire ssc oe ere eran ea eece c SSR GW) 
PIC CALUODRG loo isda ae Se ees c —192.9 
Zine chioride cane ee ee rae c —99.9 
ZANE TELE bOwa ey pets Tory ae etd Pe MLE ees aq, 400 —134.9 
FANG ORIAS See ie, fee ee aes Ore Be aes c, hexagonal —83.36 
ZANG HY GLOxIGG sie nae tee ee ee een eee c, rhombic —153 .66 
ZAC BUCO sa eee niin ce Rian hor aes c, wurtzite —45.3 
ANG BULL ALG aes Garcon oo sisted arate. « c — 233 .4 





* From John H. Perry (ed.), “‘Chemical Engineers’ Handbook,’ 3d ed., McGraw- 
Hill Book Company, Inc., New York, 1950. Values were derived from F. R. Bichow- 
sky and F. D. Rossini, ‘‘Thermochemistry of the Chemical Substances,’’ Reinhold 
Publishing Corporation, New York, 1936; W. M. Latimer, ‘“‘Oxidation States of the 
Elements and Their Potentials in Aqueous Solution,”’ Prentice-Hall, Inc., Englewood 
Cliffs, N.J., 1938; the tables of the American Petroleum Institute Research Project 44, 
National Bureau of Standards; and the tables of Selected Values of Chemical Thermo- 
dynamic Properties, National Bureau of Standards. 


Appendix L 


STANDARD ENTHALPIES OF FORMATION 
OF INORGANIC COMPOUNDS IN 
SOLUTION IN WATER AT 25 C 
AND 1 ATM PRESSURE* 


Mole water AH of formation 


C 
ompound mole compound | at 25°C, kceal/gmole 


Aluminum bromide.......... es —209.5 
Aluminum chloride.......... 600 — 243.9 
FATIGUE eee aie 2) sieves 200 —19.27 
Ammonium bromide......... ane 6 —60.27 
Ammonium chloride......... 400 —71.20 
Ammonium nitrate.......... 500 —80.89 
Ammonium hydroxide....... >... — 87.59 
Calcium bromide............ 400 — 187.19 
Calcium chloride............ — 209.15 
Galcmmiiniwatesses 1. <a 400 — 228.29 
Calcium hydroxide.......... 800 — 239.2 
C@uprie bromide:-,.4....... «> —42.4 
Guprie chloride? ... 2.1. +. -:=. 400 —64.7 
Wupric MERU Sees ve ce'= > 200 —83.6 
Gupnic sulfates... <.4- x <=. 800 — 200.78 
Ferrous bromide............ 540 —78.7 
Merrie bromides... ../3....--- .% a iaeee —95.5 
Merrous Gniorl0e....2.. ses. n =< re —100.0 
Berne-chloride crs 23.24 << 2000 —128.5 
Verrous siliates=. 2:2. < -.. - 400 — 236.2 
IWATE BULIGLE sores Meche oS <n 400 — 653 .3 
Hydrogen bromide.......... 400 —28.80 
Hydrogen chloride........... 400 —39.85 
Hydrogen cyanide........... 100 +24 .2 
Hydrogen peroxide.......... 200 —45.80 
Hydrogen sulfide............ 2000 —9.38 
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Mole water AH of formation 


Compound mole compound | at 25°C, kcal /gmole 











Magnesium bromide.......-. 400 — 167 .33 
Magnesium chloride........- 400 —189.76 
Magnesium nitrate.......... 400 —209 .927 
Magnesium sulfide........... hae —108 
Magnesium sulfate.......... 400 —325.4 
Mercuric bromide.........-.- at € —38.4 
Mercurie chloride.........-- m4: — 50.3 
Mercurous nitrate.........-- lene —56.8 
Mercuric nitrate...........- oes —58.5 
Nitrie AGI ho. 2 ees eg es 400 —49.210 
Phosphoric acid...........-. 400 —309 .32 
Potassium bromide.......... 400 —89.19 
Potassium chloride.......... 400 —100.164 
Potassium cyanide........... 400 —25.3 
Potassium carbonate......... 400 — 280.90 
Potassium bicarbonate 2000 —224.85 
Potassium nitrate........... 400 —109.79 
Potassium hydroxide......... 400 —114.96 
Potassium phosphate........ Wa: —478.7 
Potassium sulfide............ 400 —110.75 
Potassium sulfate........... 400 —336 .48 
Sodium bromide............. 400 — 86 .33 
Sodium cyanide............. 200 —22.29 
Sodium carbonate........... 1000 —275.13 
Sodium chloride............. 400 —97 .324 
Sodium bicarbonate......... aah —222.1 
BOUTIN rte ete eae ast 400 — 106.880 
Sodium hydroxide........... 400 —112.193 
Sodium phosphate........... 400 — 471.9 
Sodium monosulfide......... 400 —105.17 
Sodium sulfite... oe. ot 800 — 264.1 
Sodium sulfate. cw...) 1100 — 330.82 
Sulfurousiscide 4... oe 200 —146.88 
ulitrican ciel ae eater epee 400 —212.03 
ZING DLOMIAG tate «3-0 te 400 —93.6 
Zine chionride@s< 222 +...<esae ee 400 —115.44 
VANGINILEALE ntaas ves steielere ee 400 — 134.9 
ZATiG' BULER TER ee Gs oe tie cle es 400 — 252.12 


* From John H. Perry (ed.), ‘‘Chemical Engineers’ Handbook,” 3d ed., McGraw- 
Hill Book Company, Inc., New York, 1950. Values were derived from F. R. Bichow- 
sky and F. D. Rossini, ‘‘Thermochemistry of the Chemical Elements,” Reinhold 
Publishing Corporation, New York, 1936; W. M. Latimer, “Oxidation States of the 
Elements and Their Potentials in Aqueous Solution,’’ Prentice-Hall, Inc., Englewood 
Cliffs, N.J., 1938; the tables of the American Petroleum Institute Research Project 44, 
National Bureau of Standards; and the tables of Selected Values of Chemical Thermo- 
dynamic Properties, National Bureau of Standards. 


Appendix M 


HEAT CAPACITIES OF ELEMENTS AND 
INORGANIC COMPOUNDS* 


Name 


Ammonium bromide........... 
Ammonium chloride............ 
Ammonium chloride............ 
Ammonium nitrate............. 


CALGRET ID. cee walle bin sees as 
ROMLEUEL ETI e = 38 se tayuid 9 oly sia aw 
Calcium chloride............... 
Calcium carbonate............. 
TIGL 0 tos vive wea v3 hss 
CC alointt GxIdG inh. gas ss vis. 
Calcium hydroxide............. 
COTE BOULACG ooisic sec. 5 6-3 ose 8 
Carbon (graphite) ............. 
Carbon (diamond)............. 
Carbon mionoride: ..250.5-2%5.. 
Cartien diszide:).. 54/0. 4000..5: « 
Carbon distilfide...........:..; 
Meee eta Pes Baas oases ns's ern ats 91,5 
en ae ne eee 
TOR i cswesee.-s 

Sea StU: ccs eos om Aah 8 
Ferrous oxide 
Ferric oxide..... 
Ferroso-ferric oxide... . 
Ferrous sulfide 
Ferrous sulfide............ 


State 


eegaenraeraea 


eeaaeaeageasasees 8 


3. SG '8 


Cp, cal/(gmole)(C°) 





-80 + 0.00322TT 

.00 

-74 + 0.018667 

-5 

.25 + 0.02800T 

.2 

.08 + 0.08971T — 522,500/T? 
-70 + 0.006307 


8 
.80 + 0.0368T 
.0 + 0.0340T 
8 
.00 


.31 + 0.003337 
.29 + 0.00140T 


pe | 


.9 + 0.00386T 
.68 + 0.0011897 — 307,600/T? 
.00 + 0.004847 — 108,000/T? 


4 

.52 + 0.02197T — 156,800/T? 
.673 + 0.002617T — 116,900/T? 
.162 + 0.003059T — 130,300/T? 
.60 + 0.001207 

.34 + 0.00274T — 195,500/T? 
4 

.3 + 0.006387 

.12 + 0.003367 

.40 

.0 

15 

.62 + 0.0014927 — 76,200/T? 
.72 + 0.016047 — 423,400/T? 
.17 + 0.01882T — 979,500/T? 
.03 + 0.0390T 

.05 + 0.002737 


Temperature 
range, °K 


273-931 
931-1273 
273-370 


273-465 
465-504 
273-1973 


273-457 
457-523 
273—293 
300—2000 
273-673 
673-873 
273-1055 
273-1033 
299-372 
273-1173 
276-373 
273-1373 
273-1373 
273-1373 
273-2500 
273-1200 
293 
273-1041 
1041-1179 
1179-1674 
1674-1803 
1803-1873 
273-1173 
273-1097 
273-1065 
273-411 
411-1468 
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ra 
Name State C>, cal/(gmole)(C*) omega 
Tron sulhde.t8.. \so cee tere tee c, pyrites | 10.7 + 0.013367 273-773 
Ferrous sulfate................ c 22 293-373 
Ferric sulfatecscss elo serie 1-1 c 66.2 273-373 
Hydrogen ten. -aesisorniae seas g 6.62 + 0.000817 273-2500 
Hydrogen bromide............. 9 6.80 + 0.00084T 273-2000 
Hydrogen chloride............. g 6.70 + 0.000847 273-2000 
Hydrogen sulfides. 7.5.0.0. 9% g 7.20 + 0.003607 300-600 
Magnestim: terns. sepa aece ns c 6.20 + 0.001337 — 67,800/T? 273-923 
Ma gneatums connec hn ee l 7.4 923-1048 
Magnesium carbonate.......... c 16.9 290 
Magnesium chloride............ c 17.3 + 0.00377T 273-991 
Magnesium oxide.............. c 10.86 + 0.0011977 — 208,700/T2 273-2073 
Magnesium hydroxide.......... c 18.2 292-323 
Magnesium sulfate............. c 26.7 296-372 
INDRPOR OR Sei ees ose ees acter g 6.50 + 0.00100T 300-3000 
INKtRO-OXIGG: 7, og..0 501s ee cle ae Boe g 8.05 + 0.0002337T — 156,300/T2 300-5000 
Oxyeense ser too oe eos see ieee g 8.27 + 0.0002587T — 187,700/T2 300—5000 
PhosphoruSs2..ciees > Ae wis wares c, white 5.50 273-317 
Phosphorus icicctecu es. ein sees es c, red 0.21 + 0.0180T 273-472 
Phosphorusivas osc co aoe l 6.6 317-373 
Phosphorus trichloride.......... l 28.7 284-371 
Potassiumiee ses eosea hie ke ee c 5.24 + 0.005557 273-336 
Potasmunisee sce ee ee ee l ic f 336-373 
Potassium bromide............. c 11.49 + 0.003607 273-543 
Potassium chloride............. c 10.93 + 0.003767 273-1043 
Potassium carbonate........... c 29.9 296-372 
Potassium nitrate. ... c 6.42 + 0.0530T 273-401 
Potassium nitrate.............. c 28.8 401-611 
Potassium nitrate.............. l 29.5 611-683 
Potassium sulfate.............. c 33.1 287-371 
Sodiumnttyees setae weiss sive c 5.01 + 0.005367 273-371 
BOglunireecs. fo nte et ees ee ce l 7.50 371-451 
Sodium bromide............... c 11.74 + 0.002337 273-543 
Sodium carbonate.............. c 28.9 288-371 
Sodium chiondesca26 seen. c 10.79 + 0.00420T 273-1073 
Sodium chloride............... l 15.9 1073-1205 
Sodiuminitrate:....2- cee eee c 4.56 + 0.05807 273-583 
Sodiuminitrate. cee eee ee l 37.2 583-703 
Sodium sulfate................ c 32.8 289-371 
PULures sae alee oes ae x c, rhombic 3.63 + 0.006407 273-368 
Bulfarey. pasos a. ee ee ee. c, monoclinic | 4.38 + 0.004407 368-392 
Sulfur? (Ss)ve:. 2 ee eee 9 8.58 + 0.00030T 300-2500 
Sulfur monochloride............ l 27.5 273-332 
Sulfandioxides. ego: oc g 7.70 + 0.005307 — 0.0000008372 300-2500 
Water iaiees:.o 0k eee eee. g 8.22 + 0.000157 + 0.0000013472 300-2500 
Zinc c 5.25 + 0.00270T 273-692 
VANS oh ari I 7.59 + 0.000557 692-1122 
Zingohloride..s7.6 ee eee c 15.9 + 0.008007 273-638 
ZING OXIdO ayn Ma eee ee c 11.40 + 0.001457 — 182,400/T2 273-1573 
Zinc Mi fide ae eis els als c 12.81 + 0.00095T — 194,600/T2 273-1173 
ZinG) SUlLAte HS 5 eiess <isie.cc sos eee c 28 293-373 


* From John H. Perry (ed.), ‘Chemical Engineers’ Handbook,” 
Inc., New York, 1950. Taken from the compilation on high-te 
inorganic substances by K. K. Kelley, 


y a Ud 5 


3d ed., McGraw-Hill Book Company, 


mperature specific-heat equations for 
U.S, Bur, Mines Bull. 371, 1934. 


Appendix N 


HEAT CAPACITIES OF ORGANIC 
COMPOUNDS* 








Compound State Cac C,, cal/(g)(C°) 
Methane «a5 sa tee es. g 0 0.51 
100 0.58 
200 0.67 
300 0.76 
Hihaneae wei oe, ore g 0 0.43 
200 0.59 
400 0.74 
600 0.93 
1000 105 
1400 123 
Propatiewise.: : ses. gee a l 0 0.576 
N= DUANE. Ae 2 ees. cee Ao l 0 0.549 
Tsobutanewes.... ee l 0 0.549 
W-TICKANG eh. eas ie aes l —80 0.47 
—40 0.495 
0-50 Ov527 
20-100 0.600 
M-Lepianem... ¢:.<-ar sch l 0-50 0.507 
20 0.490 
30 0.518 
Ethylenetenn< (sedis vo 254 g 0 0.36 
200 0.53 
400 0.64 
600 0.77 
1000 0.87 
1400 0.99 
ACBLVIENG sian: avis con does g 0 0.41 
200 0.49 
400 0eb7 
600 0.59 
1000 0.65 
1400 ene! 
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Compound ' Lr Cp, eal /(g)(C°) 
Benzene: 4a. se eee — 250 0.0399 
— 200 0.124 
—100 0.227 
0 0.375 
Benzeneh..- cee cache 10 0.342 
40 0.425 
80 0.465 
Toluene: 4.0. 225.5. pa eee 10 0.364 
85 0.534 
12-99 0.440 
C= SVIENG ste och stunner at 0 0.392 
30 0.411 
60 0.434 
100 0.465 
N= KY ONG hak wh aie ce : 0 0.383 
30 0.401 
60 0.426 
100 0.458 
P= RY lONC 2 Bocce Gas oe el 0 0.383 
30 0.397 
60 0.425 
100 0.460 
Moethanolaeasscmetce ates —40 0.536 
0 0.575 
15-20 0.601 
Hthanoleen eto —190 0.232 
—130 0.376 
HG DANOl ees eee ie Rae ieke —20 0.505 
30 0.600 
50 0.672 
80 0.778 
M=PLODAUOl . eae eee — 200 0.170 
—175 0.363 
—130 0.497 
—20 0.485 
0 0.530 
50 0.650 
100 0.765 
JSOpropanol se eee —20 0.518 
0 0.580 
20 0.641 
50 0.733 
m-Butanol a. eee 21-115 0.687 
0. 
0. 
0. 
0. 
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Compound 





Isobutanole:.., -- 554. 


Ethylene glycol........... 


Ghycerdl 2. 652 aid 


Acetiovacid ©. ..6. 5. it25.- 
Acetresvactden< os. cs 


Propionic Reid 7. 45...0e 
Propionic acid............ 





C,, eal/(g)(C°) 


= 


ooseeeeseseescseoosoroecsesesesceoocoooeoeoeceeoceeoeoccoccoce 





~I 
_ 
for] 


AAnanrananwnre oon wtHAaanwnon 
NERF AOOhRNWOE KH PR OWMWOWROWANS 
OOF KEK EONOONANTOCOEORNAN REA 


521 
545 


le ol? caer) 
p= O00 
oon 


.037 
.506 
.525 
.549 


436 
509 
524 
250 
522 
485 


.512 
.538 
.726 
444 
.560 
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* From John H. Perry (ed.), ‘“Chemical Engineers’ Handbook,”’ 3d ed., McGraw- 
Hill Book Company, Inc., New York, 1950; from “International Critical Tables,” 
vol. 5, McGraw-Hill Book Company, Inc., New York; and a few data from other 


sources. 


Appendix O 


HEAT CAPACITIES OF AQUEOUS 
SOLUTIONS” 


HyprocuHioric AcIp 


Specific heat, cal/(g)(C°) 





Sutruric, Nitric, AND PHosPHORIC ACIDS 





Weight H.SO,, HNO;, H;PO,, 
% acid | cal/(g)(C°) at 20°C | cal/(g)(C°) at 20°C | cal/(g)(C°) at 21.3°C 
0 1.000 1.000 
10 0.916 0.900 0.928 
20 0.843 0.810 0.850 
30 0.768 0.730 0.773 
40 0.680 0.675 0.703 
50 0.597 0.650 0.635 
60 0.526 0.640 0.570 
70 0.475 0.615 0.516 
80 0.449 0.575 0.469 
90 0.432 0.515 0.420 
100 Ov300 


Se Le Le ee 
* By permission from John H. Perry (ed.), ‘“‘Chemical Engineers’ Handbook,” 3d 
ed., McGraw-Hill Book Company, Inc., New York, 1950. 
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APPENDIX 0 (Continued) 
Acetic Acip (at 38°C) 
Mole % acetic acid........ 0 6.98 30.9 54.5 100 
aly (ge) (Co) eee eer 1.00 0.911 0.73 0.631 0.535 
Soprum Hyproxipe (at 20°C) 

Mole % NaQOH.......... 0 0.5 1.0 | 9.09 16378 |¥2876 37.5 
Cal/(g)(C°) 1.0 | 0.985 | 0.97 | 0.835 | 0.80! 0.784]! 0.782 
Potassium HyproxipE (aT 19°C) 

Mole % KOH....... 0 0.497 1.64 4.76 9.09 
Gal /(g) (Cole ee 1.0 0.975 0.93 0.814 0.75 
AMMONIA 





Specific heat, cal/(g)(C°) 





Mole % NH; 
2.4°C 20.6°C 41°C 61°C 
0 1.01 1.0 0.995 150 
10.5 0.98 0.995 1.06 1.02 
20.9 0.96 0.99 1.03 
54 LI 0.956 1.0 
41.4 0.985 
Sopium CARBONATE 
9% NasCOs Temperature °C 
ight 
er tee 17.6 30.0 76.6 98.0 


1 

1 a ier aa cage 0.9786 

2.901 0.9597 

OU aed a asin 0.9594 

5.000 0428 4] vs 3. 0.9761 
CUO MEA Ba essesc 0.9392 

8.000 0.9183 

10.000 0.9080" |" ...... 0.9452 
13.790 0.8924 

13 SAO | cesses 0.8881 
2 HOO Pn) ta cie 2 0.8631 0.8936 
25 .000 Pegett | perce 0.8615 0.8911 
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Sopium CHLORIDE 





Specific heat, cal/(g)(C°) 









Mole % NaCl 
20°C 33°C 57°C 








QO. 24998 | || PRP... 0.99 
0.99 0.97 0.97 
2.44 0.915 0.915 0.923 


0.81 0.81 0.82 






PorTassIuM CHLORIDE 





Specific heat, cal/(g)(C°) 


Mole % KCl 





Meruyt AtcoHot (METHANOL) 


Specific heat, cal/(g)(C°) 
Mole % CH;0H 


5°C 20°C 40°C 

5.88 1.02 1.0 0.995 
12.3 0.975 0.982 0.98 
27.3 0.877 0.917 0.92 
45.8 0.776 0.811 0.83 

69.6 0.681 0.708 0.726 

100 0.576 0.60 0.617 





Erxnyt Auconout (ETHANOL) 





Specific heat, cal/(g)(C°) 
Mole % C:H;OH 





3°C 23°C 41°C 

4.16 1.05 1.02 1.02 
11.5 1.02 1.03 1.03 
37.0 0.805 0.86 0.875 
61.0 0.67 0.727 0.748 
100 0.54 0.577 0.621 
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APPENDIX 0 (Continued) 
Normat Propyt Auconou (n-PROPANOL) 





Specific heat, cal/(g)(C°) 


Mole % C;H;,OH 

5°C 20°C 40°C 

1.55 1.03 1.02 1.01 

5.03 1.07 1.06 1.03 

11.4 1.035 1.032 0.99 

Zoe 0.877 0.90 0.91 
41.2 0.75 0.78 0.815 
73.0 0.612 0.645 0.708 

100 0.534 0.57 0.621 

GLYCEROL 


Specific heat, cal/(g)(C°) 
Mole % C;H;(OH); 


15°C 32°C 

2.12 0.961 0.960 
4.66 0.929 0.924 
11.5 0.851 0.841 
22.7 0.765 0.758 
43.9 0.67 0.672 


100 0.555 0.576 


——— 
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APPENDIX P (Continued) 


Mean Mowat Heat Capacities OF GASES ABOVE 0°F 


Cy = Btu/(Ibmole) (F°) 


t = °F 
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Appendix R 
SOLUBILITIES OF GASES IN WATER* 


p = Hz p = partial pressure of gas, atm 
x = mole fraction of gas in liquid 
H = Henry’s-law constant 
Note: Values tabulated are 10-3? X H 








0°Cc 10°C 20°C 30°C 40°C 50°C 60°C 70°C 80°C 90°C | 100°C 
43.2 54.9 66.4 it ie | 87.0 94.6 105 107 108 107 
0.728} 1.04 1.42 1.86 2.33 2.83 
35.2 44.2 53.6 62.0 69.6 76.1 84.5 84.5 84.6 84.6 
57.9 63.6 68.3 72.9 75.1 76.5 : 76.1 75.5 75.1 74.5 
0.268] 0.367} 0.483] 0.609} 0.745) 0.884 ; 1.19 1.35 1.44 1.48 
16.9 21.8 26.4 31.0 35.2 39.0 43.8 44.8 45.2 45.4 
52.9 66.8 80.4 92.4 |104 113 125 126 126 126 
Oe rte 1.41 1.98 2.59 
25.5 32.7 40.1 47.5 53.5 58.8 A : 68.7 69.9 70.1 


O2 





1 ee ee | ee ee ee eee ee ee 
* From John H. Perry (ed.), ‘‘Chemical Engineers’ Handbook,’’ 3d ed., McGraw-Hill Book Com- 


pany, 


Inc., New York, 1950. Data are from the sources listed below: air: 1; CO:: 4, 15; CO: 6; Ha: 


5, 8, 9; HCl: 6; H2S: 7; NHs: 2, 3; NO: 1, 5; Nz: 5, 6, 9, 10; N20: 11, 12; Oz: 5, 6, 9, 10, 13, 14; SOz2: 2. 


1. 


NOapRer 


Winkler, Ber., vol. 34, p. 1408, 1901. 

Sherwood, Ind. Eng. Chem., vol. 17, p. 745, 1925. 
Breitenbach, Univ. Wisconsin Eng. Expt. Sta. Bull. Ser. 68. 
Bohr, Ann. Physik, vol. 68, p. 500, 1899. 

Winkler, Z. physik. Chem., vol. 9, p. 171, 1892. 


. Cassuto, Physik. Z., vol. 5, p. 233, 1904. 


Winkler, Matemat. Természettud. Ertesits Magyar Tudomdnyos Akad. III Osztdlydnak Folyéirata, 
vol. 25, p. 86, 1907. 


. Winkler, Ber., vol. 24, p. 89, 1891. 

. Winkler, Math. naturw. Ber. Ungarn., vol. 9, p. 195, 1892. 

. Winkler, Ber., vol. 24, p. 3602, 1891. 

. Geffcken, Z. physik. Chem., vol. 49, p. 257, 1904, 

. Kunerth, Phys. Rev., vol. 19, p. 512, 1922. 

. Winkler, Z. physik. Chem., vol. 55, p. 344, 1906. 

. Winkler, Ber., vol. 22, p. 1764, 1889. 

. Wiebe and Gaddy, J. Am. Chem. Soc., vol. 61, p. 315, 1939; vol. 62, p. 815, 1940. 
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APPENDIX R (Continued) 


SoLusmiry or SO: In WaTER 
Partial pressure of SO:, mm Hg 


10°C 15°C 20°C 





SoLusitity or HCl 1n WaTER 
Partial pressure of HCl, mm Hg 


Wt HC1/100 wt H:0 























Wt NH;/100 wt H:0 





* Extrapolated values. 
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APPENDIX R (Continued) 


So.usiLiry or NH; In WATER 
Partial pressure of NH;, mm Hg 











692 
534 
395 


273 
167 
120 
76.5 
60. 








; : : ‘ 45 
Ses cttete : ‘ : (37 .6)* 
qn nis le ; ; : (30.0) 
Foe wel eerie a ‘ , (24.1) 
Prod ppossos : ; (18.3) 


alee t poisn ete A Freee Apa: §) 
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Append 


INTEGRAL HEATS OF SOLUTION’ 


- 
BS Peas eee 














-200 
-400 
-600 

80 
10,00 
-12,00 
-14,00 


Moles H,O/mole solute 


* Prepared from information in ‘International Critical Tables,” vol. 5, McGraw- 


Hill Book Company, Inc., New York. 
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HPCE 


CCC eo 





=, = 








—20,000 


Moles H20/ mole solute 
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Appendix U 


SELECTED PROBLEM ANSWERS 


. 0.813 Kg/(m?) (sec) 
. a. 20.26 %w 


b. 14.67 lb salt /ft® soln 


. 6.98 ft?/lbmole 
. Basis: 100 lb 


a. 3.13 lbatom 
b. 1.56 lbatom 
6.0201 

d. CaC2 


. Basis: 7 mole outlet gas 


. 1.875 mole O2 

. 5.5 mole O2 

. 9.375 mole O2 

. 9.375 mole Oz 

None 

. 0% 

0.986 atm 

a. 43.5 ft? O2/min 

b. 308 ft? air/min 

c. When adding volumes, 
all gases must be at same 
t and p. 

4.01 psia 

. 0.88 lb H.O condensed 
. 470.3 ft? 

. 125 mm Hg 

c. 36 lb H2O 


“Mo ia ees 


eye! 
. 0.518 lb HO removed 
. 20% unburned 

. 39.9% excess air 

» Os Cy 


11.56 cal /(gmole) (C*) 
Baily, 11.18 cal /(gmole) (C°) 


P 
. Q = 2515 Btu 


ll 


b 
c 

. a. 74,429 cal released 
b 


. 74,430 cal released 


333 


4-16. a. —35,002 cal/gmole of C;Hi2 


4-28. 
5-8. 


6-14. 


6-29. 


PST eos FAN & 


b. 


—32,037 cal/gmole 


156,410 cal 


a. 
b. 
c. 


4. 


1.2088 mole 
0.1319 

24.54 lb CCl, 
30.43 lb air 
54.97 total lb 
0.8064 
108.7°F 


. 501.7 ft® 


45% 
71°F 
75°F 
79°F 
176.7 lb 


. 0.0131 Ib H.O/lb dry air 


5% absorbed 


. 26.2 mole air supplied 


b. 82.6% of maximum heat 


released 

2880 Btu in sensible heat 
1222 Btu in unburned CO 
69.4% ash, 30.6% C 


. 33,585 ft* 
. 1,218,000 Btu 


6.31% 
8.43% 
14.35% 
6% 


. 0.206 mole SOs 
. The converter-gas (SO;-free) 


analysis is the same as the 
exit-gas analysis. 


_ 206.3 Ib H2SO, (100%) leaving 
. 74,000 Btu released 
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SELECTED PROBLEM SOLUTIONS 


0.7896 g/cm? 











1-4. 1.0000 g/cm? = 0.7896 15 /4 
(1.2061) (+ .0000 £) aes g 
cm$ cm 
1.2061 g\ (103 cm3\ (28.3 eee) Gas 1 lb ) _ 75.3 Ib 
cem$ liter ft3 454 g 1 
25 lb salt 
1-12. a. 75 = 0.333 ib H.O 
2 i lb H,O 
oa ip all 
= 100 
b. (75)(1 — 0.4) = 45 lb HO left 
eon) = 35.71 %w salt 


c. Basis of calculation: 100 lb of solution 
75 — 40 = 35 lb H.O left 


5) 00) = 4107 Iw Halt 
60 
d. ee oe = 60 


(100 — W)(100) 
W = 58.33 lb of H20 evap 
1-20. Basis: 100 lb brine 


H20 







20% NaCl ; ae 
° oncentrate 
tees ce 100 Ib brine ee 
. ° 2 6 - b ‘ : ht 
77.5% H20 © of brine weight) 
50% of NaCl 
originally present 
a. 100 lb 
b. 200 lb 
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1-25. 
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c. 2lb 
d. 0.5 lb 
e. 77.5 lb 
f. (0.5)(20) = 10 lb NaCl ppt 
100 — (0.3)(100) — 10 = 60 Ib H.0 evap 
(0.3)(100) = 30 lb concentrate 
If we can find the unit cost of A, B, and C, we can check the most recent state- 
ment. Let a, b, and c equal the costs of A, B, and C, respectively, in $/ton. 
Then, 
0.3a + 0.186 + 9.69c = 589.80 
0.2a + 0.24b + 0.40c = 461.60 
0.21a + 0.306 + 0.66c = 654.60 


Solving simultaneously, 

= $220/ton A 
$840/ton B 
$ 


540/ton C 


a 
b 
c= 
Then, 

(5 tons)[(0.06) (220) + (0.13)(840) + (0.19)(540)] = $1125.00 
Bill is correct. 


- 2NaOH + H.SO,— Na2SO, + 2020 


a. NaOH: 40 
H.SO,: 98 
Na.SO,: 142 
H.0: 18 
b. Molecules H2SO, = 1 
Molecules NaOH = 2 
Molecules H2O0 = 2 
Molecules Na2SO, = 1 
12.12 X 1023 molecules NaOH reacting 
mole H2SO, reacting 
6.06 X 1023 molecules Na2SO, formed 
mole H2SO, reacting 
12.12 & 102% molecules H2,O formed 
mole H,SO, reacting 
2 gmole NaOH 
gmole H.SO, 
1 gmole Na2SO, 
gmole H.SO, 
2 gmole H.0 
gmole H.SO, 
2 lbmole NaOH 
lIbmole H.SO, 
1 lbmole Na2SO, 
~Tbmole H2S0,_ 
2 Ibmole H:O 
Ibmole H.SO, 
f. 1 kgmole H.SO, = 98 kg 
Then: 80 kg NaOH reacting 
142 kg Na.SO, formed 
36 kg H.O formed 
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C = 56 (F — 32) = 56 (—32) = -17.7°C 


ee 








Temperature scale Temperature 
| ne PAR See 0 100 
OE ee ee on ee —-17.7 3734 
Raechee eeures tee 460 560 
| PEP Be IR 255.3 310.8 


. Change is 100 F° = 100 R® = 37.8 — (—17.7) = 55.5 C° = 55.5 K° 
. (56)(100 F°) = 55.5 C° = 55.5 K® 


= molar volume 


. V = (22.4) (273473)(4%) = 22.4 liters N = a = 4.46 mole 
V = (22.4) (469499)(4) = 20.9 liters N= 8 = 4.78 mole 


V = (22.4)(373¢73)(799(9) = 2325.9 liters N = 190396 = 0.0430 mole 


= (22.4) 03) (3 Oe eT 7e ihe | Nee ae 28.7 mole 
No 


100 ; 3.75 


2-32. Basis: 1 mole SOz 


a. 


a,b. 


. Average molecular weight = 


SO». + 4402— SO; 

1g mole Oz is needed to burn 1 mole SO2. 

With 100% excess, 1 mole Oz must be supplied. 

When the reaction goes 60% to completion, 0.6 mole SO: reacts, leaving 
1 — 0.6 = 0.4 mole SO» and forming 0.6 mole SO;. This uses 0.3 mole 
Ox, leaving 1 — 0.3 = 0.7 mole Oz. The results are best presented in 
tabular form. In the table, the weight of each component is calculated by 
wt = (mole wt)(no. of moles). For SO: in the reactants, for example, 
(64 lb/mole)(1 mole) = 64 lb SOx. 


Reactants Products 

















Component 
Mole 
et Mole | y |lb/} z | Mole y lb 2 
BUlsvae a Nant eae 64 1 |0.5|64|0.67) 0.4 | 0.236 | 25.6] 0.267 
Oe. carts. Sree ee 1 0.5|32/0.33) 0.7 |0.411)] 22.4) 0.233 
rohO in meee we Sere: 80 0 0.6 | 0.353 | 48.0| 0.500 
2 1.0|96/ 1.00 1.7 |1.00 | 96.0) 1.000 


In the table, y = mole fraction, z = weight fraction. Note that Sy and =z 
always equal unity. Note also that the total weight of reactants (96 lb) 
equals the total weight of products. 

total lb 
total mole 
Reactants: M,y = 98% = 48 
Products: May = 96/1.7 = 56.5 
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d. Using the equation pa = yaP, the partial pressures of the components in the 
products are 
fhe = (0.236)(2) = 0.427 atm 
= (0.411)(2) = 0.822 atm 
teoae (0.353) (2) = 0.706 atm 
e. Basis: 100 lb SO2 
(Ges ie, 100 lb SO2 1.7 mole product 
aa a Gee coe 


b SO2/mole SO mole SO, ) = 2.66 mole product 


(359 ft3/mole) (530°R)(760 mm Hg) 
2. eS |) 
(2.86 mole} ( (mole) (492°R) (735 mm Hg) 1064 ft? 
2-39. pu.o in = aot = 0.0099 atm 
y ~ Y = 0.0099 = mole fraction of H:O in entering gas 
0.02 
pu.o Out = 0.01962 atm = Loe 


= _ 0.01962 
ae re, tg OO 
H.O condensed = 0.0099 — 0.0002 = 0.0097 mole 
(0.0097) (18) = 0.175 lb condensed 
3-8. Basis: 1000 lb product 
ae xz = lb waste acid 
= lb conc H2SO, 
: = lb conc HNO; 
z+y+z = 1000 
0.572 + 0.93y = 600 
0.232 + 0.90z = 270 





= 0.0002 = mole fraction of H2O in exit gas 


Solving, 
x = 418.3 lb . 
y = 388.7 lb 
= 193.0 Ib Sean 


3-16. Let z = wt Na2CO;:10H20 
Ie wt Na.SO,-10H2O 
z+y = 100 
(1964 56)a + (142490)y = 39.6 = 0.37127 + 0.441ly 
Solving, 
z = 64.3 ¢ 
y = 35.7 g 
64.3 /286 mole Na.CO; 


36.7/322 ~ mole Na:S0, ~ 7° 
Eh = (pws)? | 
3-23. N2+3H:—2NH; Ky = (pn.)(Pu.)* 


Basis: 1 mole Nz + 3 mole Hz: at the start 
a. NH; formed = 0.148 mole 
0.148/2 = 0.074 mole N: used 
1 — 0.074 = 0.926 mole left 
b. (34)(0.148) = 0.222 mole Hz used 
3 — 0.222 = 2.778 mole left 
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Final gas Mole y p = 10y 
Nesiee as ca 0.926 0.240 2.40 
bs nae 2.778 0.721 7.21 
Ns ase 0.148 0.0384 0.384 





_ (0.384)? 
~ (2.40) (7.21)8 
e. If 2mole Nz and 3 mole Hz are present at the start, let z = mole NH; formed 


2 — lox = Nz left 3 — 3%ax = He left 


d. Kp = 1.64 X 10-‘atm-? 


Total mole present at equilibrium 


Ne: 2— a 

H.: 3 — 32 

NH:: 0 
5-2 


_ (2 — 4x) (10) 
a 


Since p; = y:P, then pn, = 5 atm, etc. 


[z/(5 — x)]#(10)? 
Tan oF ta a rE ere Tae Ean othe Ah ted tas it ish a Rae Se 
and 1.64 X 10°" = [@ = 34a) dO) /5 — =) — 342)"0)76 — =I 
This reduces to 

ae ee 
2.77 X 107? = @-a)@—2) 
which is best solved by trial and error in the form 
nie 0.1 4102-704 — 2) (2 — =)? 

(5 — x)? 

Assuming values of x under the square root and calculating z, 


Trial Calculation 
2, 0 
0 0.1885 
0.1 0.1756 
0.15 0.169 
0.165 0.1675 


Therefore, z = 0.167 mole NH; formed 
f. The limiting reactant is Hy». 
Of 3 mole in, (34)(0.167) = 0.25 mole used 
Therefore, 0.25/3 = 8.339% conversion 
8-31. Basis: Quantities as given 


No: dissolved No; 
Lo, = bz 
nH. + No, + DR; NH,0 


(The approximations are valid if not much O2 and N; dissolve and not much 
water evaporates.) 
a. Zo, = (0.033  10~*)(5) (760) (0.21) = 26.3 x 10-6 

No, dissolved = (26.3 X 10-*)(10) = 2.63 x 10-4 
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b. tn, = (0.0165 X 10-*)(5) (760) (0.79) = 49.5 ~« 10-8 


nn, dissolved = 4.95 x 10-4 
(Note that the partial pressures are valid if not much dissolves and not much 
water evaporates.) 

c. Vapor pressure H2O = pa,o = 17.67 mm Hg 
Total P = (5)(760) total P — pr,o = Pary sir = (5)(760) — 18 = 3782 
mm Hg 
Na,o evap = (17.67/3782)(1) = 46.7 X 10-4 mole 


d. Net change in number of moles = (2.63 + 4.95) x 107‘ dissolved and 


46.7 X 10-* evaporated. Gas increases by 39.1 X 10-4 mole. 
hes 2 
Relative volume change = (00 70110") = 0.391% 


Initial volume = (1) (22,400) (14 aes 4807 cm3 
(4807) (39.1 * 10-4) = 18.7 cm® increase 


4-8. a. Let AH, = change in enthalpy of liquid going from 40°C to 100°C 


4-12. 


4-20. 


AH, = heat of vaporization at 40°C 
AH; = change in enthalpy of vapor going from 100°C to 40°C 
AH, = heat of vaporization at 100°C 
AH, = AH, + AH> + AH; 
40 
AH, = Re, C,dT = —(60) (0.44) 
In like manner, AH; = (60)(0.32) 








Therefore, AH» = (86.5 + 60)(0.44 — 0.32) = oo cal 
or, heat of vaporization at 40°C = (93.7)(92) = 8620 cal 
gmole 
oc; — (8620 cal) /1.8 (Btu) (gmole)\ _ 15,516 Btu 
Fen iis ( gmole ) (Saree ene (Ibmole) (cal) ~  Ibmole 


Colt Ais, = 0, then Hi50° me AH (heat liquid to 40°C) + AH (vaporiza- 
tion at 40°C) + AH (heat vapor to 150°C) 


138.6 cal 
Hiso’c = (40 — 18)(0.44) + 93.7 + (150 — 40)(0.32) = — 
Also, 12,751 cal/gmole, or 22,952 Btu/Ibmole, or 249 Btu/Ib 
Reaction AH 
CH, + 202 = CO.z + 2H.O(I) — 212,798 cal/gmole 
2H.O(l) = 2H2O(g) (2) (10,519) 
CH, + 202 = CO, + 2H.0(g) —191,760 cal/gmole 


where 10,519 = AH, of H»O(g) — AH; of H2O(l) = —57,798 — (—68,317) 
Basis: 1 mole of CH, 
CH, + 202 = CO. + 2H20 
x 2x iy 2% 
burned used formed formed 
Q = heat released = (2 — t,)=nCp 
Oz added = 2 mole, Ne = (2)(79/21) = 7.52 mole 


Outlet gases: 

O.:2 — 22 = 2(1—2z) Cy, = 7.40 
N2: 7.52 7.09 
CH,: l—z 10.88 
CO:: xr 10.48 


H,0: 22 8.35 
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AH = —212,798 + (2)(10,519) = —191,760 for H2O(g) 
Q = 191,760z = (400 — 18)=nC, 
znC, = (7.40)(2)(1 — x) + (7.09) (7.52) + (10.88)(1 — x) + 10.482 + (8.35) 


(2)(x) = 79.00 + 1.52 

Therefore: 191,187z = 30,178 
xz = 0.158 

15.8% burned 

Basis: 100 lb solution in 

1%, = 0.25 mole NaOH 

9%, = 5.0 mole H2O0 

5.0 _— 20 mole H,0 

0.25 mole NaOH 

Basis: 100 lb solution out 

504) = 1.26 mole NaOH 

5Y% x8 = 2.78 mole H2O 

2.78 _ 2.22 mole H20 

1.25 mole NaOH 

Properties and Data: 















mole H.O0 AH, of soln, 


mole NaOH | Btu/Ibmole NaOH 


Basis: 100 |b in 

(0.10)(100) = 0.5C 

C = 20.1b conc soln 

F — C= E = 80 lb evap 

Since Q = AH, a process will be followed where AH values may be easily 
obtained. 

Step 1. Cool 100 lb 10% solution from 90 to 65°F (18°C). 

AH, = (100)(0.88)(65 — 90) = —2200 Btu 

Step 2. Evaporate 80 lb H,O. 

100 lb 10% soln = 10 lb NaOH + 90 lb H.O(/) 


AH = —(—18,880)(0.25) = 4720 Btu 
10 lb NaOH + 10 lb H2O(l) = 20 lb 50% soln 
AH = (—11,600)(0.25) = —2900 Btu 


80 lb H2O(l) = 80 lb H2O(g) 

AH = (8%8)(10,519)(1.8) = 84,152 Btu 

AH» = 4720 + (—2900) + 84,152 = 85,972 Btu 
Step 3. Heat 20 lb 50% solution from 65 to 230°F. 


AH; = (20)(0.80) (230 — 65) = 2640 Btu 
Step +. Heat 80 lb H.O(g) from 65 to 212°F 
AH, = (8% x8) (8.04) (212 — 65) = 5253 Btu 


Q = —2200 + 85,972 + 2640 + 5253 = 91,665 Btu for 100 Ib 
On (en a) (Gre Ib\ _ 1,833,300 Btu 
100 lb ton x ton 





- The data taken during the night are correct. We may therefore correlate the 


amount of feed and concentrate. 
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Amount fed to evaporator Amount of concentrate |Ratio B/C 








(10,000 — 9000) + 5000 = 6000 | 5000 — 2000 = 3000 2 

5-6 0 + 5000 = 5000 7500 — 5000 = 2500 2 
6-7 5500 2750 2 
4000 2000 2 





We now make similar day-shift calculations. Set up in tabular form. 














* Several values are off. The operator was a goldbrick. Exact data forged 
cannot be determined since one forged value may throw off values on either side. 


6-12. RH = p./po 
pa (Pw) (Mw) 
H = ( — pe)(Ma) 
For RH = 50% 














DBAS See Ae) at ae 70 100 130 
Ve EAP es 18.78 49.07 114.91 
Phage MII EAP ey sic 9.39 24.54 57.46 
t = 70°F 
H= (9.39) (18) = 0.0078 lb HO 

~ (760 — 9.39) (28.9) lb dry air 
t = 100°F 
H (24.54) (18) _ 0.0208 Ib H.0 


~ (760 — 24.54)(28.9) lb dry air 
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t = 130°F 
We (57.46) (18) _ 9.0509 Ib H:O 
~ (760 — 57.46) (28.9) lb dry air 
From the humidity chart 


70 100 130 


0.0080 0.0215 0.0560 











Comparing values, it can be seen that the values are in close agreement except 


in the steeply sloping region. 


vapor composition is obtained by simple multiplication. 
ye, = (2.7)(0.10) = 0.27 
ye, = (1.2)(0.484) = 0.58 
Yo, = (0.36) (0.416) = 0.15 
ty = 1.0 
b. If x = liquid mole fraction 
y = vapor mole fraction 
L = mole of liquid/100 total mole 
Subscripts 3 = C3, 4 = Cy, 5 = Cs 
Then (x;L + y3)(100 — L) = 15 
(asL + ys)(100 — L) = 50 Component balances 
(asL + ys)(100 — L) = 85 
Also 32 = 1 and Sy = 2Kz = 1 
From (z3;3L + K3z3)(100 — L) = 15 
a ee ae 
~ 100K; + L(1 — Ks) 
Etc. for x, and x5. From 2x = 1, 
15 50 


ll 


Z3 


100K, + (1 — KnL * 100K, +0 — KL * 100K, +0 —KaL~ 


Solve by trial and error for correct L value: 











1B 

v3" 570 ent Ih 0.056 
50 

a, TO ect ae 0.417 

ee 

* 36 — oe4L| 9-97? 





=x 





Note: x = 0.994 for L = 80, but Zy = 1.023. There may be a closer value 
of Zy. From across plot, try L = 75. By similar calculations, 


6-6. 


6-12. 
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These values are closer. Therefore, L = 75 is more nearly correct. 
Material-balance checks: 


C3: (75) (0.105) + (25) (0.283) = 14.95 
Cy: (75) (0.476) + (25) (0.571) = 50.0 
Cs: (75)(0.417) + (25)(0.150) = 35.03 

99.98 


Basis: 1 mole CH, burned 

H.0 formed = 2 mole = H;0O in flue gas 

pa.o = (0.05)(2310) = 115.5 mm Hg 

We now find the volume occupied by the water at 275°F and its partial pressure: 
[(2)(359)] (Fs) (Bs = TOGOGL# wetiHua gan 

We could check the data with a different calculation. 

Basis: 100 mole DFG 











Gas Moles C 
CO, 7.49 7.49 
COS Me 1.89 1.89 
Osk-5 55.67: 4.80 0 
INS tees 85.82 0 
9.38 





Oz in = (85.82)(2%g) = 22.82 
O: out = 13.24 
Oz for HzO = 22.82 — 13.24 = 9.58 (Note only 9.38 mole C, and so slight 
error in data) 
N = total mole = 100 + (2)(9.38) = 118.76 
118.76 

P = (115.5) (eve 

V = [(118.76)(359)] (789 30)(735492) = 66,000 ft* for 9.38 mole CH, 
or V = 7060 ft® per mole CH, 
Basis: 100 mole DFG 


= 732 mm Hg 








Component Moles | Mole C Mole O2 











& 0 el ae 14.5 
Oz. 3.76 
| ee 0 (by difference) 





18.26 
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(81.74) (2449) = 21.7 mole O; in 
21.7 — 18.26 = 3.44 mole O2 disappear 
(2) (2) (3.44) = 13.76 lb net Hz in coal 


12 lb C 100 Ib coal 
} = fir 
(14.5 mole C) (228 area) (“ore 80 Ib G ) 216 lb coal fired 


(si) (100) = 6.37% net hydrogen 


6-24. Basis: 100 mole SO;-free BG 





100.00 | 9.32 


O2 in = (83.75)(21449) = 22.25 mole 
O. accounted for = (9.32)(14¢) + 6.93 = 19.73 mole 
O, used for SO; = 22.25 — 19.73 = 2.52 mole 
SO; = (2.52)(8{5) = 1.34 mole 
Total S burned = 9.32 + 1.34 = 10.66 mole 
(seas) (100) = 12.6% of S goes to SO; 
6-37. Basis: 100 lb pyrites 
(90) (§44 20) = 481bS 
Let X = lb pure S. 
Basis: 100 bb is cinder 
6 lb Sin cinder. Of this 2.4 lb are in SO; and 3.6 Ib are in FeSp. 
SO; = (2. 5) (8% = 6.0 lb 
FeS2 = (3.6)(12%€4) = 6.76 Ib 
The remaining cinder contains FeO; and gangue. The total Fe: gangue ratio 
must be the same as in the pyrites. 
* = 7 = 4.2 in pyrites 
Let Y = lb Fe.O; in cinder 
In cinder, Fe = (6.76 — 3.6) + 1124 ¢9Y 
G = 100 — (6.0 + 6.76 + Y) 
3.16 + 0.70Y 
ole 
and Y = 74.1 lb Fe,0; G = 87.24 — 74.1 = 13.14 lb 
Basis: 100 lb charge 


100 : 
(zo3-055) (3.065) = 2.971lbS 


and 100 — 2.97 = 97.03 lb pyrites, containing 9.70 lb G and 87.33 Ib FeS, 
a. Cinder = (Cnr ie) (100) = 73.8 lb by G balance 


‘Phen ———— 
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Checking Fe balance, 

. _ _ (87.33) (°& 20) Pe 
Cinder = 316 + (0.7)(74.1) (100) = 74.2 lb 
(In following calculations, we use 74.0 Ib) 

100 
S lost in cinder = (0.06) (74.0) = 4.44 lb 
S into gas = 45.2 lb =~ 1.412 lbmole 
O2 used for Fe203; = (35) (5) (0.74) = 0.515 mole 
O2 used for SO; in cinder = (=) (3) (0.74) = 0.083 mole 


Total O¢ in cinder = 0.598 mole 

Basis: 100 mole SO;-free BG 

O2 in = (86.8)(2149) = 23.07 mole 
O2 out = 4.25 + 8.95 = 13.20 mole 
Oz for SO; in gas + O2 in cinder = 23.07 — 13.20 = 9.87 mole 
S in SOz = 4.25 mole 
Basis: 100 lb charge 
Let Z = mole SO;-free BG 

W = mole SO; in BG 
Balance on § in BG: 
1.412 = 0.0425Z + W 


Balance on QO» disappearance and O, in cinder: 
0.0987Z = 0.598 + 1.5W 


Solving simultaneously, 


Z = 16.72 mole SO;-free BG and W = 0.70 mole SO; in BG 


49.6 
S fired = saa ie 1.55 mole 


b. Per cent of S fired as SO; in BG is 


0.70 Z 
(735) (100) = 45.1% 
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Absolute humidity, 182-187 
Absolute pressure, 37, 38 
Absolute temperature, 32, 33 
Absolute zero, 32, 33 
Acceleration of gravity, 4 
Adiabatic process, 86, 90 


Adiabatic-reaction temperature, 144-147 
Adiabatic-saturation temperature, 190- 


194 
Algebraic equations, 11, 12, 67-70 
Amagat’s law, 44 
Analysis, chemical, 5-9 
flue gases, 224-226 
fuels, 220-224 
gas, in sulfur oxidation, 247-249 
proximate, 220-224 
ultimate, 220-224 
Atomic weight, 25, 26 
table, 282-284 
Average, 12, 13 
Avogadro, Amadeo, 40 


Barometer, 37 
Basis of calculation, 6, 64 
dry, 8 
wet, 8 
Batch process, 63 
Boiling-point rise, 164 
Boiling-point tables, 291, 292, 299-302 
Boyle, Robert, 40 
British thermal unit, 93 
Bypass, 70-72 


Calorie, 93 

Carnot, Sadi, 83 

Centigrade heat unit, 102 
Centigrade temperature scale, 30-33 
Charles’ law, 40 

Chemical analyses, 5-9 


Chemical equations, 27-30 
limitations of, 30 
Chemical formulas, 25-27 
tables, 291, 292, 299-301 
Clausius, R., 83 
Combustible matter, volatile, 223 
Combustion, 213-242 
comprehensive problems, 230-242 
efficiency of, 214, 242 
Completion, degree of, 28, 30 
Condensable-vapor operations, 47-53, 
161-200 
Constant-pressure process, 86, 91, 92 
Constant-volume process, 86, 91, 92 
Constant-volume reactions, 133-138 
Continuity equation, 158, 159 
Continuous process, 63 
Conversion, percentage, 28-30 
pressure, 38, 39 
temperature, 30-33 
Conversion factors, 1-5 
table, 279-281 


Dalton’s law, 43-47 

Dew point, 52, 189 

Diagram, schematic, 10 

Dimensions, 1-5 

Distillation, 73, 200-205 
basic equations, 201, 202 
nomenclature, 200-202 

Distribution coefficient, 75 

Draft, 37, 38 

Drying, 73 


Einstein, Albert, 73 
Electrical work, 89 
Energy, electrostatic, 88 
internal, 88 
kinetic, 5, 87 
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Energy, magnetic, 88 
potential, 4, 86, 87 
PY, 91, 92 
surface, 88 

Enthalpy, 96 

Equilibrium constant, 80 

Evaporation, 160-181 
basic equations, 161-164 
nomenclature, 161, 162 

Excess air, 225 

Excess oxygen, 225 

Excess reactant, 28, 29 

Expansion work, 89 


Fahrenheit temperature scale, 30-33 
Fixed carbon, 220 
Flue gases, 224-230 
analysis, 224-226 
heat losses in, 228-230 
Fluid flow, 158, 159 
Fluid heads, 37-39 
Force, 4 
pound, 3-5 
Fractions, 5, 7 
weight, 45 
Fresh feed, 70 
Fuels, 218-224 
analyses, 220-224 
gases, 218, 219 
hydrogen in, 217 
liquids, 219 
solids, 219-224 
Furnace diagram, 215 


ge, 4, 5 

Gangue, 246 

Gas constant, 40, 41 

Gas laws, 39-54 

Gaseous mixtures, 42-47 

Gases, molar volumes, 41 
solubility in water, 325-327 
standard conditions, 41 
(See also Flue gases) 

Gauge pressure, 37, 38 

Gay-Lussac, J. L., 40 

Gibbs, J. W., 84 

Gram atom, 26 

Gram mole, 27, 28 

Graphical integration, 19, 20, 107, 172, 

173 


Graphical methods, 13-20 
Gravity, acceleration of, 4 


- Gross heating value, 122, 219 


Heat, definition of, 89 
humid, 194, 195 
latent, 97, 111-116 
losses in flue gases, 228, 230 
mechanical equivalent of, 93 
sensible, 97 
Heat-balance equations, limitations, 96 
Heat capacity, 92, 93, 97-116 
at constant pressure, 98 
at constant volume, 108-111 
conversion of units, 98-102, 131, 132 
mean, 103-105 
of mixtures, 129-133 
polynomial forms, 99 
tables, aqueous solutions, 314-317 
elements, 309, 310 
gases, 319-322 
inorganic compounds, 309-310 
organic compounds, 311-313 
Heat effects, of combustion, table, 297, 
298 
at constant volume, 133-138 
of dilution (see solution, below) 
of formation, 118, 119 
of elements, 119 
standard, 118, 119 
tables, inorganic compounds, 304— 
306 
in water solution, 307, 308 
organic compounds, 295, 296 
of fusion, tables, inorganic compounds, 
302, 303 
organic compounds, 293, 294 
of mixing (see solution, below) 
of reaction, 97, 119, 120 
calculation by addition, 120-122 
of solution, 97, 122-129 
in water, plots, 328-331 
of vaporization, tables, inorganic com- 
pounds, 302, 303 
organic compounds, 293, 294 
Heat losses in flue gases, 228-230 
Heat-transfer efficiency, 214, 242 
Heat unit, centigrade, 102 
Heating value, gross, 122, 219 
higher, 122, 219 
lower, 122, 219 
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Heating value, net, 122, 219 
Humid heat, 194, 195 
Humid volume, 195-197 
Humidity, absolute, 182-187 
per cent, 186, 187 
relative, 187-189 
saturation, 184-187 
Humidity diagrams, air—carbon tetra- 
chloride, 198 
air—water vapor (see foldout diagram 
following page 331) 
use of, 199, 200 
Hydrogen in fuels, 217 


Ideal-gas laws, 39-54 
limitations of, 53 
Integration, graphical, 19, 20, 107, 172, 
173 
numerical, 18, 19, 107 
Internal energy, 88 
Inventory change, 169-181 
Isobaric process, 86, 91, 92 
Isochoric process, 86, 91, 92 
Isothermal process, 86 


Joule, J. P., 83 


Kelvin, Lord, 83 

Kelvin temperature scale, 32, 33 
Key components, 7, 66, 215, 216 
Kinetic energy, 5, 87 


Labels, 1-5 

Latent heat, 97, 111-116 
Lavoisier, A. L., 62 

Limiting reactant, 28, 29 
Little, A. D., 154 

Lower heating value, 122, 219 


Magnetic energy, 88 

Manometer, 37 

Maximum work, 90 

Mean value, 12, 13 

Melting-point table (see Physical-proper- 
ties table) 

Mixed feed, 70 

Molecular weight, 27 

average, 45 
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Net heating value, 122, 219 

Nomenclature, distillation, 200-202 
evaporation, 161, 162 

Numerical integration, 18, 19, 107 

Numerical methods, 13-20, 174 


On-stream factor, 263 
Orsat analysis, 52, 53, 226, 227, 243-246 


Parr bomb, 133 
Partial pressure, 43 
Partial volume, 44 
Per cent humidity, 186, 187 
Perfect gas (see Ideal-gas laws) 
Physical-properties tables, inorganic com- 
pounds, 299-301 
organic compounds, 291, 292 
Potential energy, 4, 86, 87 
Pound centigrade unit, 102 
Pound force, 3-5 
Pound mass, 3-5 
Pound mole, 27, 28 
Pressure, 4, 33-39 
absolute, 37, 38 
conversion of, 38, 39 
gauge, 37, 38 
partial, 43 
static, 35 
vapor (see Vapor pressure) 
velocity, 35 
Primary quantities, 1-5 
Process, adiabatic, 86, 90 
batch, 63 
continuous, 63 
isobaric, 86, 91, 92 
isochoric, 86, 91, 92 
isothermal, 86 
reversible, 90 
steady-state, 63 
unit (see Unit processes) 
unsteady-state, 63 
Proximate analysis, 220-224 
PV energy, 91, 92 
Pyrites, 246 


Qualitative considerations, 11 


Rankine temperature scale, 32, 33 
Ratios, 5, 7 
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Recycle, 70, 72-77 

(See also Vinyl acetate manufacture) 
Reflux, 73 
Refuse, 222-224, 246 
Relative humidity, 187-189 
Reversible process, 90 
Rumford, Count, 83 


Saturation humidity, 184-187 
Schematic diagram, 10 
Secondary quantities, 1-5 
Separation operations, 160 
Shaft work, 92 
Shreve, R. N., 212 
Simpson’s rule, 19 
Simultaneous equations, 67-70 
Solubilities, gases in water, 325-327 
inorganic compounds in water, 323, 324 
Solution procedure, 9, 64 
Specific heat (see Heat capacity) 
Stahl, G. E., 62 
Standard conditions, 41 
Static pressure, 35 
Steady-state process, 63 
Steam-properties table, 285, 286 
Stream hour, 263 
Sulfur oxidation, 242-257 
gas analysis in, 247-249 
with sulfide ores, 246-249 
Sulfuric acid manufacture, 248-257 
Surface energy, 88 


Temperature, absolute, 32, 33 
adiabatic-reaction, 144-147 
adiabatic-saturation, 190-194 
flame, theoretical, 145-147 
wet-bulb, 197, 198 

Temperature conversion, 30-33 

Temperature scales, centigrade, 30-33 
Fahrenheit, 30-33 
Kelvin, 32, 33 
Rankine, 32, 33 

Theoretical flame temperature, 145-147 

Thermochemistry, 116-149 

Thermodynamic path, 86, 114-116, 138, 

144, 192 

Thermodynamic state, 85 
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Thermodynamic surroundings, 85 
Thermodynamic system, 85 
Thermodynamics, laws of, 84-97 
first, 84-87 
flow form, 91, 92, 94 
statement, 85 
static form, 89, 95 
second, 84 
third, 84 
Trapezoid rule, 18, 19, 107, 172, 173 


Ultimate analysis, 220-224 

Unit operations, 156 
classification of, 157, 158 

Unit processes, 156 
classification of, 212, 213 

Units, 1-5 

Unsteady-state process, 63 


Van Helmont, J. B., 62 
Vapor, 10 

condensable, 47-53, 161-200 
Vapor pressure, 33 

tables, inorganic compounds, 287, 288 

organic compounds, 289, 290 

Velocity pressure, 35 
Vinyl acetate manufacture, 258-271 
Volatile combustible matter, 223 
Volume, humid, 195-197 

partial, 44 

standard, 41 


Wacker process, 258 
Walker, W. H., 154 
Water equivalent, 137 
Weight fractions, 45 
Wet-bulb temperature, 197, 198 
Work, 86 
electric, 89 
expansion, 89 
maximum, 90 
shaft, 92 
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Zero, absolute, 32, 33 
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